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The complexity of cell membranes is far from being only a simple assembly of 
lipids and proteins separating cells from the surrounding environment. Each of the 
thousands of different membrane components performs its specific role in cellular 
functions, since a multitude of biological processes is mediated by membranes. 
The understanding of the molecular basis of these processes is one of the 
important aims of current biological research. Our research employing single-
molecule fluorescence methods (e.g. FCS, FCCS, FLIM-FRET) has made a 
contribution to the knowledge of membrane lateral organization or mechanism of 
membrane fusion. Furthermore, we revealed the mechanism of membrane activity 
of a small natural compound. As native cell membranes are very complex 
structures, we performed the experiments on simplified model lipid membranes 
that allow studying lipid-lipid or lipid-protein interactions at the molecular level 
in a controlled way. 
The first part of this thesis deals with the mode of action of a membrane active 
secondary metabolite didehydroroflamycoin (DDHR). We demonstrated that 
DDHR is a pore-forming agent and that this activity is influenced by the presence 
of cholesterol. Direct visualization of intrinsic fluorescence of DDHR revealed its 
preferential partitioning into membrane areas with higher lipid order.  
The second part concentrates on the membrane lateral heterogeneity close to the 
phase separation boundary. Membrane heterogeneity plays an important role in 
multiple cellular processes, but its nature is controversial. Although conventional 
fluorescence microscopy techniques do not allow direct visualization of these sub-
microscopic structures, we were able to detect them by various single-molecule 
approaches. We identified approximately 9 nm sized fluid nanodomains in GUVs 
composed of ternary DOPC/Chol/SM and even in binary DOPC/SM lipid 
compositions. Furthermore, we showed that also ganglioside GM1 clusters into 
nanoscale domains and that its availability for binding by cholera toxin B subunit 
is influenced by GM1 density as well as by the presence of cholesterol.  
The third part is focused on investigation of complementary coiled-coil forming 
lipopeptides CPnK4 and CPnE4 that serve as a model system for membrane fusion. 
Single-molecule fluorescence techniques were employed to study their roles in the 
initial steps of the fusion process mediated by these lipopeptides. Our research 
revealed the asymmetrical nature of this fusion system. We proposed a model 
where the peptide moiety of the lipopeptide CPnE4 acts as a “handle” for 
positively charged peptide moiety of CPnK4 resulting in liposome docking, while 
the peptide K4 interacts with the membrane causing local deformations, which 




Komplexita buněčných membrán zdaleka není jen pouhé náhodné uskupení lipidů 
a proteinů, které odděluje buňku od okolního prostředí. Každá z tisíců různých 
složek membrán vykonává své specifické funkce důležité pro funkci celé buňky, 
neboť mnoho biologických procesů se odehrává právě na membránách. Pochopení 
těchto procesů na molekulové úrovni je cílem současného biologického výzkumu. 
Náš výzkum využívající detekci jednotlivých fluorescenčních molekul (např. 
FCS, FCCS, FLIM-FRET) přispěl k poznání laterální organizace membrán nebo 
mechanismu membránové fúze. Dále jsme odhalili mechanismus účinku 
membránově aktivního sekundárního metabolitu. Vzhledem k tomu, že je 
membránový systém živých buněk příliš složitý, byly naše experiment prováděny 
na modelových lipidových membránách, které umožňují studium lipid-lipidových 
a lipid-proteinových interakcí na molekulové úrovni kontrolovaným způsobem. 
První část této práce se zabývá studiem mechanismu působení sekundárního 
metabolitu didehydroroflamycoinu (DDHR) v membránách. Zjistili jsme, že 
DDHR je molekula tvořící póry v membránách a že je tato schopnost ovlivněna 
přítomností cholesterolu. Přímá vizualizace vlastní fluorescence DDHR ukázala 
jeho preferenční lokalizaci do oblastí membrán s vyšší uspořádaností lipidů.  
Druhá část práce je věnována studiu laterální heterogenity membrán v blízkosti 
fázového přechodu lipidů. Heterogenita membrán hraje významnou úlohu 
v mnoha buněčných procesech, její charakter však není dosud znám. Přestože 
konvenční fluorescenční mikroskopie neumožňuje přímou vizualizaci 
submikroskopických struktur, jejich existenci jsme zaznamenali pomocí různých 
technik založených na detekci jedné molekuly. Díky tomuto přístupu jsme 
identifikovali 9 nm velké fluidní nanodomény v GUV membránách o složení 
DOPC/Chol/SM a DOPC/SM. Dále jsme ukázali, že gangliosidy GM1 agregují a 
vytváří nanometrové domény a že je jejich přístupnost pro navázání ligandu B-
podjednotky cholera toxinu ovlivněna denzitou GM1 molekul i přítomností 
cholesterolu.  
Třetí část této práce je zaměřena na studium komplementárních lipopeptidů CPnK4 
a CPnE4, které mezi sebou vytváří tzv. “coiled-coil” vazbu a které slouží jako 
modelový systém pro fúzi membrán. Pokročilé fluorescenční metody nám 
umožnily studovat počáteční fáze membránové fúze zprostředkované těmito 
lipopeptidy. Ukázali jsme, že peptidová část lipopeptidu CPnE4 pouze přitáhne 
kladně nabitou peptidovou část lipopeptidu CPnK4 k membráně, což vede  
k přiblížení liposomů. Peptid K4 interaguje s membránou a způsobuje její 
deformace, což následně přispívá k membránové fúzi.   
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Life is a unique condition clearly distinct from inorganic matter. All living 
organisms manifest fundamental common properties such as metabolism, ability 
to reproduce, maintenance of their homeostasis or ability to adapt to the 
surrounding environment. Cell is considered as the smallest fundamental unit of 
life. It can exist on its own or in a community forming a multicellular organism, 
where it cooperatively interacts with other cells in a concert. A living cell is 
minimally composed of plasma membrane, cytoplasm and a nucleic acid. Plasma 
membrane, as an indispensable cellular component, separates the interior of a cell 
from the outside environment, so that maintaining the internal conditions 
necessary for basic cellular functions is possible. The interior of eukaryotic cells is 
further separated by additional membranes enclosing their organelles. Membranes 
are not only passive cell or organelle envelopes, but they also actively participate 
in cellular communication, adhesion or transport of molecules, provide a support 
for a variety of proteins and even protect cells against pathogens. Without 
membranes, life as we know it would not exist. 
Based on the fact that membranes fulfil very important cellular functions and are 
indispensable for life itself, it is important to study their overall biophysical 
properties. The knowledge of the membrane characteristics would reveal to us 
hidden processes of life, and therefore we could better understand the cellular 
physiology in detail. By studying membranes we not only get insight into the 
processes in the membranes themselves, but we also gain a lot of information 
about membrane-interacting proteins that are other key elements for life. 
However, cellular membranes are very difficult to study directly because of their 
complexity and it is rather problematic to control all relevant parameters during 
experiments. Thus, model membrane systems provide convenient tools for 
examining membrane properties or molecules that interact with the membranes in 
a controlled way. 
In order to study the structure and dynamics of the biological membranes, 
numerous techniques have been employed, for instance, magnetic nuclear 
resonance (NMR), atomic-force microscopy (AFM) or fluorescence microscopy 
together with a variety of biochemical methods. Fluorescence techniques have an 
eminent place in the field of membrane research due to high sensitivity, low 
invasiveness and a potential to be used in living organisms. Recent rapid progress 
in the fluorescence instrumentation has enabled us to study the detailed picture of 
membranes even at the molecular level. 
This thesis presents results on research concerning the membranes and their 
interactions with other elements on artificial model membranes employing 





The first part of this thesis is aimed on studying mechanism of action of a novel 
secondary metabolite didehydroroflamycoin produced by soil bacteria 
Streptomyces durmitorensis. We focused on membrane interactions and pore-
forming activity of this compound. 
The second part deals with sub-resolution model membrane heterogeneity that is 
expected to be analogous to the plasma membrane organization. Employing 
single-molecule fluorescence techniques combined with a computational 
approach, we aimed to uncover the nature of these membrane sub-microscopic 
heterogeneities. In the study investigating the role of ganglioside GM1 in the 
membranes, we examined not only the character of nanodomains formed by GM1, 
but also the relation between binding activity of GM1 and its ligand CTxB. 
In the third part, we investigated the membrane interactions of fusogenic coiled-
coil forming lipopeptides and their roles in the initial steps of membrane fusion. 
Since the research topics are diverse, this thesis comprises of a general 
introductory part that is followed by three main parts. Each part involves a 
broader introduction related to the topic of a particular publication that is followed 
by summary of the main results discussed in the context of other relevant works. 
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Biological membranes 
Biological membranes are thin and selectively permeable layers of amphipathic 
molecules surrounding cells, as well as their intracellular organelles, and separate 
them from the outside environment. Plasma membrane encircles the whole cell 
and it is usually the only membrane structure in prokaryotes (with exception of 
Gram-negative bacteria containing two membrane envelopes) and enveloped 
viruses. In eukaryotic cells, additional membranes compartmentalize the 
intracellular space defining the cellular organelles such as mitochondria or 
chloroplasts, endoplasmic reticulum or Golgi apparatus etc., which maintain 
specific cellular environment for various chemical reactions. The cellular 
membranes are not only passive separators of the organelles, but they also actively 
participate in communication of cells or cellular organelles with outside 
environment comprising exchange of metabolites, transport of ions or other 
molecules or they provide platforms for energy production and signal 
transduction. Membranes consist of a mixture of lipids, carbohydrates and 
proteins that are orchestrated to various functions. 
 
Lipids  
Biological membranes are complex and dynamic assemblies of lipids and 
proteins. The membrane structure is created by a double sheet of lipid molecules 
(with exception of some archaea where the lipid bilayer can be replaced by a 
monolayer) composed of a polar headgroup and usually two hydrocarbon chains 
that are responsible for hydrophobic effect maintaining a membrane bilayer as a 
stable structure. The hydrophilic headgroups interact with water molecules as well 
as with polar parts of neighbouring molecules, which forms an energetically stable 
system. Thanks to these properties, lipids spontaneously self-associate in aqueous 
solutions into micelles, liposomes or even sheets in order to minimize contact of 
the nonpolar fatty acyl chains with water. 
Eukaryotic cells are composed of thousands of different lipid species resulting in a 
high complexity in composition and function. Differences of particular membrane 
lipids in their polar headgroups are crucial for maintaining various cellular 
functions, such as endo/exocytosis, cell signaling etc. In addition, the length and 
saturation of hydrophobic chains together with their number (e.g. single fatty acyl 
chain in lysobisphosphatidic acid) play very important role in rigidity of 
membranes, influence the transition temperature of lipids from the solid to liquid 
phase and are crucial for the compartmentalization of membranes into domains.  
Originally, membranes were considered as a simple platform for proteins [1]. 
Nevertheless, during the past decades, the importance of particular lipid species 
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appreciated [2]. Lipid composition dictates many membrane properties, such as 
fluidity, order, thickness or elasticity. It was shown, for instance, that membranes 
contain distinct regions with specific lipid composition or different thickness, 
which points out to diverse function of these domains. 
 
Lipid species can be divided into three main structural lipid classes that compose 
the majority of biological membranes: glycerophospholipids, sphingolipids and 
sterols (Fig. 1). 
 
Glycerophospholipids are major membrane constituents responsible for 
maintaining the membrane as a functional bilayer. They are derivatives of 
glycerol with two (or possibly one) hydrocarbon tails of variable length attached 
to the glycerol molecule substituting –OH groups. The third hydroxyl group is 
linked to one phosphate that can bear hydrophilic headgroup e.g. choline 
(phosphatidylcholine - PC), ethanolamine (phosphatidylethanolamine – PE), 
inositol (phosphatidylinositol – PI) or serine (phosphatidylserine – PS), each 
having its specific properties and charge.  
 
Sphingolipids are a group of lipids containing a backbone of a long-chain 
(sphingoid) base. The simplest sphingolipid in structure is ceramide, more 
complex sphingolipids possess additional groups, such as phosphate or sugar 
group attached to the sphingoid base. In most mammalian tissues, the most 
abundant sphingolipid is sphingomyelin containing 18-carbon sphingoid base, two 
hydroxyl groups, an amine group and a long hydrophobic chain. Sphingolipids are 
predominantly located in the plasma membrane where they play various 
biological roles. For instance, thanks to their predominantly saturated and trans-
unsaturated acyl chains, they rigidify the membrane, self-aggregate into micro- 
and nanodomains or influence functions of numerous membrane proteins.  
 
Sterols are a group of small planar molecules with a great impact on membrane 
fluidity and lateral membrane organization. The most important sterol in 
mammalian cells is cholesterol that is an essential and the most abundant 
component of their membranes as well as a precursor for steroid hormones or 
vitamins. In contrast, yeast membranes contain predominantly ergosterol as a 
main membrane sterol component. 
 
A specific group of lipids are glycolipids, where monosaccharide or 
oligosaccharide is attached to the lipid moiety. The lipid backbone most often 
comprises glycerol or sphingosine and the hydrophobic tail. Glycolipids are 
generally found on the extracellular leaflet of eukaryotic cellular membranes and 
inside vesicles of endo-lysosomal system. They participate in a wide range of 
cellular phenomena, for instance, they facilitate cell-cell interactions via 
recognition of carbohydrate binding proteins (lectins) or form a highly hydrated 
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headgroup composed of one or more sialic acids attached to a sugar part of 
glycosphinglipid. These lipids are also known as receptors for viral particles or 
toxins, such as Cholera toxin or Shiga toxin [3] [4]. 
 
Variability of lipids is considered to be crucial for membrane robustness and 
stability; for example, in case when osmolality fluctuates from physiological 
levels [5]. The composition of different kinds of lipids strongly varies with 
function of the membrane and the type of cell. 
 
Figure 1. Chemical structures of membrane lipids (adapted from [6]). 
The diagram shows the schematic structures of phospatidylethanolamine (PE), 
phosphatidylserine (PS), phosphatidylcholine (PC), phosphatidylinositol (PI), 
sphingomyelin (SM) and cholesterol. The hydrophilic headgroups of phospho- or 
sphingolipids are attached to sphingosine or fatty acids (FA) that can be either saturated 




Besides lipid molecules, the membrane is composed of many different proteins 
involved in a variety of cellular processes. The lipid bilayer provides dock for 
their correct localization [7] and is crucial for their proper function. Membrane 
lipid to protein mass ratio considerably varies depending on the type of cellular 
membrane or a type of the cell. For example, the myelin sheath wrapped around 
axons of nerve cells contains nearly 80 % of lipids; in comparison with other 
membranes, the protein content is low. On the other hand, the inner mitochondrial 
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However, in most cell types, proteins represent approximately a half of the total 
membrane mass [8]. 
Membrane proteins can pass the whole length of the bilayer (integral proteins) or 
attach to the membrane surface by a lipid anchor, through charges of the anionic 
headgroup of phospholipids or via binding to the integral proteins (peripheral 
proteins). A few proteins (e.g. caveolins) represent a group of membrane proteins 
that penetrate only one membrane leaflet. 
Membrane proteins perform various functions, such as signaling, ion transport, 
uptake of nutrients, energy transduction etc. In eukaryotic cells, membranes are 
also associated with the cytoskeletal network, which plays a key role in 
determining cell shape and a tissue integrity. This structure called actomyosin 
cortex is a specialized layer of proteins on the inner membrane leaflet forming 
protrusions like filopodia or lamelliopodia, polymerizing against a membrane on 
the leading edge of a cell elicit amoeboid migration. Another type of cytoskeletal 
network – microtubules – form highly stable membrane protrusions (cilia, 
flagelae) that are responsible for cellular movement or signal transduction. 
Transmembrane parts of proteins are buried in the membrane core and directly 
interact with lipids. Naturally, lipid composition affects the protein activity 
through lipid-protein interactions [2], surface charge, fluidity or hydrophobic 
mismatch [9]. For example, specific lipid-protein interactions play an important 
role in sorting proteins from endoplasmic reticulum to the cell surface [10] or in 
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Membrane characteristics 
The physical state of membranes can be characterized by a range of properties. 
Among the most important ones are fluidity or lateral inhomogeneity. Cellular 
membranes, in contrast to artificial membranes, have also asymmetric distribution 
of lipids between membrane leaflets. 
MEMBRANE FLUIDITY 
A cellular membrane model of Singer and Nicolson [1] emphasized fluidity as one 
of the most important membrane features. This property enables the majority of 
membrane components to diffuse freely within the lipid bilayer, rotate or easily 
adopt their optimal conformation as well as to maintain the membrane integrity. 
Membrane fluidity allows proteins to cluster, enables lipids to form specific 
regions – domains, or is fundamental for various chemical reactions and cellular 
processes.  Membrane fluidity is related to lipid packing and can be modified by 
saturation of lipid acyl-chains or temperature [12]. Lipids with long and saturated 
hydrophobic chains tend to be packed more tightly, due to more van der Waals 
interactions that can be arranged between the acyl chains. On the other hand, 
lipids with shorter and/or unsaturated hydrophobic chains form less packed and 
more fluid membranes. Membrane fluidity is highly influenced by the presence of 
cholesterol. Thanks to its shape, cholesterol is attracted close to the lipid acyl 
chains, where it either rigidifies the membranes formed by unsaturated lipids by 
its accommodation between unsaturated hydrocarbon chains, or it makes more 
fluid the saturated membranes by separating lipid acyl chains. Without 
cholesterol, the cellular membranes would be too fluid and permeable. It has been 
proposed that packing of cholesterol and sphingolipids contributes to higher 
plasma membrane rigidity and consequently to higher resistance to stress [13]. 
 
DIFFERENCES IN LIPID COMPOSITION BETWEEN ORGANELLES 
Cellular organelles are surrounded by membranes with different lipid 
compositions, which is crucial for their correct function. For instance, 
endoplasmic reticulum maintains very low level of sphingolipids and cholesterol. 
In contrast, plasma membrane contains high amounts of these lipids presumably 
for its higher stability that protects cellular integrity. On the other side, cardiolipin 
is an anionic lipid found almost exclusively in the inner membrane of 
mitochondria that plays a crucial role in mitochondrial physiology. Similarly, 
lysobisphosphatidic acid (LBPA) is enormously enriched in the inner membranes 
of lysosomes or multivesicular late endosomes, where it forms specialized 
membrane domains [14]. LBPA often represents about 15 % of all phospholipids 
in these organelles. In contrast, this lysophospholipid is almost absent in 
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PLASMA MEMBRANE ASYMMETRY  
Cells maintain lipid asymmetry not only between cellular organelles, but also 
between the membrane leaflets. The exoplasmic leaflet is enriched in 
sphingomyelin and glycolipids, while phosphatidylserine, phosphatidylinositol 
and phosphatidylethanolamine are predominantly located in the cytosolic leaflet. 
Such lipid asymmetry plays a critical role in many biological and cellular 
processes and contributes to the membrane diversity and complexity. For instance, 
sugar moieties of glycolipids are always oriented to the extracellular space, where 
they form, together with sugar moieties of glycosylated proteins, so called 
glycocalyx that is involved in cellular adhesion and protects the cells against 
chemicals. Membrane asymmetry is also preserved for maintaining negative 
charge in the inner leaflet, which is vital for many intracellular processes. 
Lipid asymmetry is actively maintained by various transport proteins called 
flippases, and floppases. In opposite, scramblases can randomize the membrane 
asymmetry, for instance during apoptosis, when phosphatidylserine needs to be 
externalized as an “eat me” signal for phagocytic cells [15]. Spontaneous 
translocation of lipids between the leaflets is rare and extremely slow [16]. 
LATERAL HETEROGENEITY OF MEMBRANES 
About three decades ago, membrane lateral heterogeneity has been proposed to 
play an essential role in the correct function of cellular processes [17]. As already 
mentioned, biological membranes are composed of diverse lipids and proteins that 
can be spatially organized into distinct heterogeneous regions named also as 
domains. Their formation is related to the tendency of lipids to be surrounded by 
other lipids with similar chain length and saturation, which protects the 
hydrophobic core of the bilayer from the water molecules. Not only lipids self-
assembly, but also lipid-protein or protein-protein interactions have been proven 
to participate in membrane inhomogeneity that is responsible for domain 
formation. It is important to mention that cholesterol plays a crucial role in 
domain formation. Lateral membrane heterogeneity is described in detail 
elsewhere in this thesis. 
 
Membrane heterogeneity and the role of cholesterol 
Cholesterol is a key molecule essential for cellular viability, since it plays an 
important role in maintaining membrane integrity of animal cells, signaling [18] 
and the regulation of intracellular vesicular trafficking [19]. Living cells either 
biosynthesize the cholesterol, or import it via endocytic way from outside usually 
in the form of lipoprotein particles. 
Cholesterol content in membranes of higher eukaryotes varies between 20 and  
50 mol%, depending on the cellular organelle or cell type. Thus, it is evident that 
cholesterol is a very important membrane molecule. As already mentioned, 
cholesterol fulfills many functions. It is crucial not only for metabolism of 
hormones and vitamins, but also for membrane mechanical resistance, as well as 
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considerably reduces transmembrane passive diffusion of water or other small 
molecules [20] and is very important factor for regulation of liquid ordered and 
liquid disordered phase ratio. The presence of cholesterol in fluid membranes 
composed of unsaturated lipids increases the acyl chain order, reduces area per 
lipid and decreases the mobility. On the other hand, the opposite effect was 
observed for membranes composed of saturated phospholipids, where the 
presence of cholesterol increases the membrane fluidity [21]. In addition, 
cholesterol plays a key role in formation of lateral membrane heterogeneities and 
domains. However, the detailed mechanism that drives the domain formation in 
membranes is not well understood.  
 
Besides cholesterol, the presence of other membrane sterols, such as ergosterols or 
sitosterols in fungi or in plants, respectively, indicates that eukaryotic membranes 
evolutionary adopted sterols as important players in membrane integrity and 
function. However, some organisms (e.g. ciliated protozoans or diverse low-
oxygen-adopted eukaryotes) produce, instead of sterols, the cyclic triterpenoid 
lipid tetrahymanol. Moreover, a number of anaerobic protists utilize neither 
sterols nor tetrahymanol in their membranes [22]. On the other hand, the usage of 
sterols is not restricted to the eukaryotic domain as a few bacterial species also 
synthetize sterols [23], although their main membrane fluidity regulatory 
molecules are hopanoids. 
 
Membrane organization models 
Biological membranes represent a complex system of various lipids and proteins 
with thousands of “players” that perform a wide range of physiological processes 
and influence the membrane characteristics. Before direct visualization of 
membranes by electron microscopy in 1950s, there were considerable 
speculations about their real structure. Similarly, the lateral organization of the 
membranes remains a controversial issue.  
Below are summarized the most notable membrane organization models. 
 
MODELS OF PLASMA MEMBRANE STRUCTURE 
The very first concept of membrane organization was proposed by Gorter and 
Grendel in 1925 [24] (Fig. 2A). They investigated the surface area of lipids 
isolated from red blood cells employing Langmuir monolayer and postulated that 
the membranes are organized as either a lipid bilayer or a bimolecular leaflet, as 
the surface area of the monolayers was about two times larger than the surface 
area of the cells. 
Ten years later, in 1935, Davson and Danielli came up with a model that included 
also proteins (Fig. 2B). According to this model, phospholipid bilayers are 
sandwiched between two layers of globular proteins that are not allowed to 
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In 1966, Benson and Green demonstrated that the inner mitochondrial membrane 
can be separated into segments containing both lipids and proteins and 
subsequently reconstituted into fully active membranes [26]. Thus, they proposed 
that membrane lipids function as a solvent for embedded globular proteins. 
Current view on the organization of the biological membranes is based on the 
fluid mosaic model proposed in 1972 by Singer and Nicolson [1] (Fig 2C). They 
imaged the membrane as a fluid flat-shape lipid bilayer with either embedded 
proteins that traverse the bilayer, or peripheral proteins associating with the 
membrane via electrostatic or hydrogen-bond interactions. Proteins and lipids can, 
according to this model, move freely within the bilayer allowing them to form 
lipid or protein assemblies. This model represents an important step in the current 





Figure 2. Models of plasma membrane structure. 
A) Bimolecular lipid leaflet proposed by Gorter and Grendel (1925). This model 
assumes that there is a bi-layer with the hydrophilic headgroups facing the aqueous 
environment and hydrophobic tails facing inward the membrane. B) Davson-Danielli 
model (1935). A phospholipid bilayer is sandwiched between two layers of globular 
proteins. C) The fluid mosaic model of Singer and Nicholson (1972). According to this 
model, phospholipid molecules are organized as a discontinuous and fluid bilayer 
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MODELS OF LATERAL ORGANIZATION OF THE PLASMA MEMBRANE 
Cell membranes are composed of a wide range of different lipids and membrane 
proteins that interact with each other causing lateral segregation. Despite recent 
advances in lipid and protein analysis, the function of lipid diversity and their 
aggregation in membranes remain enigmatic. The existence of lateral 
heterogeneity in membranes has been observed by various biochemical and 
biophysical techniques. To better illustrate their nature, scientists have come up 
with several models that help them to plan experiments and subsequently interpret 
their results. Note that the models below do not exclude each other so that it is 
possible to regard them as coexisting principles. 
 
Domain formation in planar membranes was first suggested by Jain and White 
[27]. They proposed so called “plate model”, where more ordered and less ordered 
regions coexist in biological membranes as a result of specific intermolecular 
interactions. 
Picket-fence model proposes that the plasma membrane is segregated into distinct 
compartments by cortical actin filaments that are associated with the inner leaflet 
of the membrane and anchored by transmembrane protein “pickets” [28]  
(Fig. 3A). This model suggests free lipid and protein diffusion within sections 
surrounded by sub-membrane actin barriers. The size of these compartments was 
estimated to be about a few hundred nanometers, though there is high diversity 
between various cell types [29]. 
Mattress model is based on the assumption that lipids surround the hydrophobic 
parts of transmembrane proteins not randomly, but they match the length of their 
transmembrane domains [30] (Fig. 3B). It can result in local membrane thickening 
or thinning in case the length of protein transmembrane domain does not match 
the thickness of the lipid bilayer. It has also been shown that this aspect is crucial 
for protein sorting within the cell [31] [32]. 
Lipid raft model is probably the most discussed model for membrane 
organization. This model assumes that two distinct lipid phases, fluid and less 
ordered together with rigid and highly packed lipid ordered phase, coexist in the 
plasma membrane (Fig. 3C). 
Existence of lipid rafts as a functional plasma membrane heterogeneity was first 
proposed by Simons and van Meer in 1988 [33]. Using Madin-Darby canine 
kidney epithelial cells, they observed that sorting of glycosphingolipids occurs in 
the Golgi network and that these lipids are preferentially sorted to the apical 
membrane domain of these cells. To explain this phenomenon, they came up with 
a hypothesis that clusters of glycosphingolipids formed in the outer leaflet of 
trans-Golgi membrane represent sorting centers for proteins determined for 
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Since then, numerous studies on the membrane heterogeneities (= “lipid rafts”) 
have been designed. The existence of rigid lipid rafts was proposed based on the 
finding that certain plasma membrane components are insoluble by mild non-ionic 
detergents (e.g. Triton X-100, NP-40 or Brij-series). Biochemical analysis of these 
detergent-resistant membranes (DRMs) revealed their enrichment in cholesterol 
and sphingolipids [34]. Further studies highlighted the importance of DRMs in the 
cellular functions. It was proposed that these domains influence the protein 
activity and allow the proteins to be laterally sorted, which could serve as another 
regulatory mechanism for their function [35] [36]. 
Similar domains rich in cholesterol and sphingomyelin (SM) have also been 
detected in phase separated artificial lipid bilayers where Lo (liquid ordered) 
phase, a raft-like phase, and Ld (liquid disordered) phase, non-raft phase, 
coexisted together. Ld phase is characterized by high lipid mobility, whereas Lo 
phase displays a high degree of order and reduced lipid diffusion due to packing 
of saturated acyl chains of sphingolipids and the intercalated cholesterol [34]. As a 
result, it was suggested that the Lo phase structures in both cellular and artificial 
membranes are of the same nature. Thus, the Lo phase observed in artificial 
membranes became a well-accepted model for lipid rafts in cells.  
However, it has become clear that the “lipid rafts” are heterogeneous not only in 
lipid and protein composition, but also in their temporal stability. Moreover, their 
biological relevance was unclear due to the lack of their direct observation in vivo 
and vague definition of the “raft” concept. To address this uncertainty, the 
definition of lipid rafts was formulated at the 2006 Keystone Symposium of Lipid 
Rafts and Cell Function: “Lipid rafts are small (10 - 200 nm), heterogeneous, 
highly dynamic, sterol- and sphingolipid-enriched domains that compartmentalize 
cellular processes. Small rafts can sometimes be stabilized to form larger 
platforms through protein-protein and protein-lipid interactions” [37]. 
Nevertheless, the existence of “lipid rafts” in living cells is a hot issue in modern 
biology and biophysics for a while. Despite many published results suggesting the 
existence of rigid domains, there is no direct observation of “rafts” in vivo. 
However, although the existence of raft-like structures in cellular membranes has 
been strongly supported by influential researchers, it has not been fully accepted 
due to a lack of enough artifact-prone evidences and experiment ambiguities. 
Therefore, the membrane domain structure, dynamics and the exact biological 
function still remain a matter of debate. 
It should be mentioned that besides eukaryotic cells, there is plenty of evidence of 
raft-like structures in prokaryotes or yeast. In yeast cells, the protein complexes in 
their membranes resembling “rafts” were named as eisosomes [38]. In 
prokaryotes, it was originally believed that no domains exist in their membranes 
due to the lack of sterols. Nevertheless, it has been recently shown that the 
presence of hopanoids – structural analogues of sterols – is sufficient for 
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theory is usually discussed in context with cellular plasma membranes, there are 
studies reporting about the “rafts” in endosomes, too [40]. 
In summary, there is no universal and satisfactory model that would describe all 
aspects of the membrane properties and organization. Therefore, the 
understanding of membrane organization still remains an open question. More 
biophysical and biochemical studies are needed to figure out this issue. Likewise, 
the development or employment of novel biophysical techniques is of high 
importance. 
 
Figure 3. Models of lateral organization of the plasma membrane. 
A) Picket-fence model. Cortical actin network underlying the membrane divides the lipid 
bilayer into small compartments via membrane-associated “picket” proteins.  
B) Mattress model. Lipids with variable hydrophobic chain length preferentially reside 
in the annulus of protein transmembrane domains in order to match their length, which 
results in membrane areas with variable thickness. C) Lipid raft model. Domains 
enriched in sphingolipids and cholesterol are in Lo phase and float freely in the sea of less 
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Model membranes 
The physiological cell membrane is a very complex and highly diverse system 
with thousands of “participants” that is not easy to isolate and maintain in its 
native physiological condition. Therefore, there is a significant interest in 
generating simplified artificial model membranes with reduced lipid composition 
allowing controlled experimentation. Model membranes are useful reductionist 
tools to study physicochemical properties of proteins, lipids or fluorescent probes 
in lipid bilayers by various biophysical techniques in a controlled way. Thanks to 
relative simplicity of these membranes and easy handling, we can get insight into 
the membrane characteristics, without being affected by surrounding complex 
environment. There are various types of such membrane assemblies from tiny 
free-floating micelles, bicelles and nanodiscs to large fully free-standing giant 
unilamellar vesicles (Fig. 4), each of which has its advantages and disadvantages 
with regards to stability, ease of preparation or the ability to mimic properties of 
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Figure 4. Schematic pictures of model membrane systems. 
A) micelles, B) nanodiscs, C) lipid monolayers, D) supported phospholipid bilayers,  
E) black lipid membranes, F) free standing membranes including small unilamellar 
vesicles, large unilamellar vesicles and giant unilamellar vesicles 
 
The simplest membrane models micelles and nanodiscs [41] (Fig. 4A, 4B) are 
used mainly for membrane-protein interaction studies [42] or in experiments 
where larger lipid assemblies could be a problem. 
Lipid monolayers (Fig. 4C) are lipid films formed on the air-water interface that 
offer an appropriate model to study lipid-lipid or lipid-protein interactions since 
this system enables to control many molecular parameters in one, such as surface 
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for studying transmembrane proteins as the monolayers consist of only one lipid 
layer. 
Supported phospholipid bilayers (SPBs) (Fig. 4D) are lipid bilayers standing on a 
solid support, for instance, on glass or silicone. They provide a useful model for 
their simplicity in preparation, stability and an easy implementation in high-
resolution imaging techniques such as atomic force microscopy. Although the 
solid support decreases membrane fluidity in comparison to free standing 
membranes [44], the dynamics of such membranes is comparable to some extent 
with plasma membrane of living cells, where the dynamics of lipids is hindered by 
cytoskeleton. 
Another suitable research system are black lipid membranes (BLMs) (Fig. 4E), 
prepared as a bilayer sheet in an aperture, used mainly for characterization of 
electrical properties of the membrane or for ion channel studies. Modification of 
this technique, patch clamp, can separate the real plasma membrane into small 
patches containing limited number of lipids and proteins. 
Recently, a new membrane model system combining the advantages of supported 
lipid bilayers and black lipid membranes called pore-spanning membranes has 
been developed [45] [46]. This membrane model can be prepared using porous 
alumina or silicone with wide range of nano- or micrometer pore sizes. In contrast 
to BLMs lacking long-term stability and SPBs impacted by direct contact of the 
membrane with the solid support, pore-spanning membranes are accessible from 
both sides and long-term stable.  
Important free-standing model membranes are vesicles (Fig. 4F) - spherically 
shaped bilayers that can be prepared in a variety of sizes. 
Small unilamellar vesicles (SUVs) and large unilamellar vesicles (LUVs) 
represent the smallest group of free standing model membrane systems with sizes 
below the resolution of classical optical microscopes. Typical diameters of SUVs 
are in the range of 15 - 50 nm, LUVs exhibit a diameter from 25 nm to a few 
microns. These vesicles are submicrometer particles that provide model systems 
for studies of the membrane interactions with proteins, peptides or other 
biomacromolecules [47]. 
The most popular free standing membrane models are giant unilamellar vesicles 
(GUVs) with sizes varying between 5 - 100 µm. GUVs have been proposed as 
models mimicking the living cells thanks to their size, observability by optical 
microscopy and unilamellarity. They provide an excellent research system 
because of their stability, easy handling and a possibility to prepare with 
coexisting microscopically observable Lo and Ld phase (Fig. 5). The drawback of 
this model is that particular vesicles may differ in lipid composition and size [48]. 
Another disadvantage is that the lipid asymmetry is not maintained. Nevertheless, 
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In addition, there is another promising model membrane system that has been 
recently developed and characterized. The so-called giant plasma membrane 
vesicles (GPMVs) could be isolated directly from cells, therefore they preserve to 
some extent the structure and composition of their original membranes including 
membrane proteins as well as transmembrane asymmetry [50] but not actin-based 
cortical cytoskeleton. However, these membranes are prepared by chemical 
vesiculation procedure that may introduce several artifacts in the experimental 
results.  
Figure 5. Fluorescent microscopy image of Lo/Ld phase separated giant unilamellar 
vesicle made of DOPC/SM/Chol 2:1:1. 
DiD (1 mol%) was used as a marker for the Ld phase (red) and BODIPY-FL-GM1  
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Fluorescence techniques 
Fluorescence techniques are very useful for biological or biophysical research 
thanks to their high sensitivity, non-invasiveness and selectivity. Variety of 
different fluorescence methods allows us to study problems starting at the level on 
the whole tissue and finishing up at the single-molecule level. For that reason, 
fluorescence is an excellent tool to study various biological problems including 
membrane properties, such as its dynamics, hydration, lipid phase separation or 
lipid/protein clustering.  
 
Theory of fluorescence 
Fluorescence is a phenomenon, in which particles absorb light of a particular 
wavelength and subsequently emit photons of longer wavelength due to loss of 
energy. Basic principle of fluorescence can be explained by Jablonski diagram  
(Fig. 6). 
At the beginning, the molecule is in its ground state S0. Absorption of photon(s) 
with appropriate energy generates an excited state called first (S1) or second (S2) 
excited electronic singlet state, which is followed by molecular relaxation and 
transformation to the lowest vibrational state of S1. This process is called internal 
transformation. After reaching the lowest level S1, the molecule returns to the 
ground state, which is either irradiative and not accompanied by photon emission, 
or radiative via the emission of a photon. The whole process is very fast occurring 
generally at the nanosecond time scale. There are also other ways of reaching S0 
state, such as energy transfer, which will be discussed later. 
 
Another type of light emitting transition is phosphorescence. In contrast to 
fluorescence that stops emitting photons right after switching off the excitation 
light, phosphorescence persists up to a few hours. After excitation, 
phosphorescent molecules undergo the same transitions as their fluorescent 
partners, but only until S1 state is reached. Then, if the triplet state T1, which lies 
energetically between the state S0 and S1, is more favorable, so-called intersystem 
crossing occurs. In contrast to internal transformation, intersystem crossing is 
associated with the change of electron spin. While electrons undergo transition 
between the lowest T1 state and S0 state, the emission of photons is rather weak 
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Figure 6. Jablonski diagram depicting the energy states of a molecule during photon 
absorption and fluorescence or phosphorescence emission [51]. 
 
Fluorescent dyes 
Fluorescent dyes are the molecules that are able to absorb excitation energy and 
emit it as fluorescence. This characteristic is usually enabled by the system of 
conjugated double bonds.  
Many fluorophores are naturally-occurring, for instance, chlorophyll, NADH or 
flavins, including aminoacids with aromatic ring (i.e. tyrosine, tryptophan and 
phenylalanine). However, most cellular molecules are non-fluorescent. For their 
visualization it is necessary to label them with suitable fluorophores, either with 
organic compounds or fluorescent proteins. Organic fluorescent dyes are widely 
used in various microscopic techniques. There is a wide range of synthetic 
fluorophores such as Atto or Alexa dyes, comprising plenty of variants that differ 
in fluorescence spectra. DiD, DiO or perylenes are widely used as membrane 
markers. There is also a variety of fluorescent lipid analogues, for instance NBD-
cholesterol or BODIPY-ceramide (Fig. 7). Fluorescent proteins, such as GFP, 
YFP or mCherry, are also suitable fluorophores for microscopy studies, although 
their photophysical properties are less favorable in comparison to organic dyes.  
Besides these, there are also a number of naturally fluorescent small molecules 
(often secondary metabolites) directly interacting with the membranes. For 
example, filipin is an established tool to study cellular physiology in the context 
of free (i.e., non-esterified) cholesterol concentration and localization [52] [53]. 
Membrane fluorescence probes need to be at least partly hydrophobic to 
incorporate efficiently into the lipid bilayer. However, synthetic fluorescent dyes 
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either a lipid that naturally bear a hydrophobic part, or with another hydrophobic 
structure, for instance hydrophobic peptides. There are two approaches, how to 
prepare fluorescently labeled lipids. The first one uses attachment of a fluorophore 
to the lipid headgroup usually via the reaction of amine group in 
phosphatidylethanolamine with a maleimide reactive group attached to a dye. 
Another possibility is to covalently modify lipid acyl chains. The latter approach 
is less favorable, because lipid chains tend to loop back closer to the water 
environment due to hydrophilicity of attached fluorescent dyes [54]. 
On the contrary, fluorescent proteins are suitable fluorophores used to label 
cellular biomacromolecules but too bulky to serve as appropriate fluorophores for 
labeling lipids, as they are usually about 30 times larger than a phospholipid 
molecule. They might highly influence the properties of lipids and result in 
experimental artifacts. Another drawback of fluorescent proteins is their lower 
quantum yield compared to synthetic dyes. 
Frequently used fluorescent dyes DiD, DiI or DiO resemble the structure of lipids, 
so they readily incorporate into the membranes. 
Another group of fluorophores (e.g. filipin or perylenes) are of amphipathic or 
hydrophobic nature, therefore, they directly interact with the membranes by 
themselves. Thanks to their internal fluorescence, there is no need to label them 
with any additional fluorophore. 
Fluorescent dyes are used not only for labeling and visualizing distinct molecules, 
such as proteins or lipids, but they can also serve as probes monitoring their 
surroundings (polarity, viscosity, pH etc.), as they change their spectral 
characteristics in different environments. A typical and widely used probe of this 
type is Laurdan, whose emission spectrum is shifted in response to solvent 
polarity and viscosity.  Thanks to this feature, we can monitor water content 
within a lipid bilayer as well as its mobility.  
 
Despite wide variety of available fluorophores, a study of membrane 
heterogeneities by fluorescence methods is still challenging due to lack of enough 
suitable fluorophores partitioning into Lo phase. Surprisingly, fluorescent 
analogues of raft lipids (e.g. BODIPY-ceramide or NBD-cholesterol) show low 
partitioning into Lo phase [55]. Therefore, fluorescently labeled proteins known to 
interact with membrane rafts (e.g. GFP-GPI or labelled cholera toxin B subunit) 
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Figure 7. Chemical structures of representative fluorescent dyes and lipid analogues 
used in membrane visualization. 
 
Introduction to fluorescence methods 
Fluorescence methods are useful biophysical tools to examine and analyze 
protein-protein, protein-nucleic acid, protein-lipid, or lipid-lipid interactions. 
Single-molecule fluorescence methods can probe these processes even at the 
nanoscale level. Below are briefly described fluorescent methods that are relevant 
to this work. 
 
Confocal microscopy 
Laser scanning confocal microscopy is a widely used microscopy technique in 
biological sciences. The motivation to develop this kind of microscope was to 
improve image contrast. 
The original concept of confocal microscopy was introduced in 1950s by an 
American scientist Marvin Minsky, but the first real confocal microscope using a 
Nipkow-disk system was built by Mojmír Petráň from the Faculty of Medicine in 
Pilsen (Czechoslovakia) [56].  
The advantage of confocal over wide-field microscopy is considerable. Light from 
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the whole sample and excites all parts of the specimen at the same time. Resulting 
fluorescence light coming from focused but also from out-of-focus parts of the 
specimen generates a blurred background and decreases resolution. 
On the contrary, confocal microscope illuminates the sample by a laser beam 
point by point and a pinhole arranged in front of a detector eliminates out-of-focus 
fluorescent light. Therefore, only fluorescence coming from the focal plane is 
detected, which improves resolution and the overall image quality. As a 
consequence, confocal microscopy allows non-invasive optical sectioning of the 
specimen with an improved resolution. 
The principle and a simplified scheme of a confocal microscope is shown in 
Figure 8.  
 
 
Figure 8. Schematic illustration of a confocal microscopy principle.  
A laser beam is reflected by a dichroic mirror into an objective that focuses the beam into 
a sample. Red shifted fluorescence signal is reflected back and collected and collimated 
by the same objective. Then it transmits through the dichroic mirror and, after being 
separated from the excitation light by an emission filter, is focused through a pinhole onto 
a detector. Only light from the focus plane can pass through the pinhole. Thus, out-of-
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Multiphoton microscopy has been developed as an alternative to common 
confocal microscopy. The principle of this technique arises from simultaneous 
excitation of a fluorophore by two photons. The absorbed photons have a 
wavelength about twice that of the fluorophore absorption peak. Due to the fact 
that the laser is focused at the same volume in the specimen, there is almost zero 
light absorption in out-of-focus specimen area. It results in a “natural” confocality 
without a need of additional pinhole in a microscope setup.  Another benefit is the 
deep penetration of excited light into a specimen. In addition, two-photon 
excitation minimizes photodamage and photobleaching of sensitive fluorophores. 
 
Fluorescence correlation spectroscopy (FCS) 
Fluorescence correlation spectroscopy (FCS) represents a sensitive and elegant 
method to detect highly mobile single molecules. 
It was first introduced in 1974 by Elson&Magde [57] as a single molecule 
detection technique to study the abundance, mobility and interactions of 
fluorescence-labeled molecules.  
This method is based on analysis of the fluorescence intensity fluctuations coming 
from the focal volume of a confocal microscope. A fluorescent molecule diffuses 
across the focal volume, where it is excited, and the burst of the emitted light is 
detected by sensitive detectors. The fluorescence signal coming from repeatedly 
excited and emitted molecules diffusing through the detection volume is 
statistically analyzed and the fluctuations in time are described by normalized 





where I(t) means fluorescence intensity in time t and τ represents so-called lag 
time. The angle brackets indicate time averaging.  
By fitting G(τ) to a model, diffusion time τD that provides information about how 
long a fluorophore dwells in the focal volume and the average number of 
fluorophores in the focal volume (PN) can be determined. Two-dimensional 
model is employed in case of analyzing fluorophores in planar lipid bilayers [57]: 

















 Fluorescence techniques 
Diffusion coefficient D that is more relevant parameter to describe lateral 






where ω0  means the radius of the detection volume. Figure 9 shows a principle of 
this method. 
The results provide information about mobility and concentration of the 
fluorescent molecules. Single-molecule sensitivity makes FCS popular in many 
fields of research. The most common application is measuring the molecular 
diffusion and concentration of the analyzed particles that can refer, for instance, 
about the condition or alteration of lipid bilayers. Besides, measurements of 
kinetic rate constants of chemical reactions or other quantities accompanied with 
intensity fluctuations in the observed volume are possible as well. However, the 
principle of FCS requires using very low concentrations (nanomolar or picomolar) 
of fluorescent molecules, because the highest signal to noise ratio is reached in 
case of presence on average one fluorescent molecule in the detection volume. 
 
 
Figure 9. Principle of FCS measurements (adapted from [58]). 
A) A laser beam excites fluorescent particles diffusing in the detection volume.  
B) Emission of the fluorophores causes fluorescence intensity fluctuations that are 
recorded by a detector. C) Fluctuations in fluorescence intensity are correlated resulting 
in an autocorrelation curve. The diffusion time τD is calculated at the half maximum of 
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To date, scientists modulate the classical FCS method in order to solve 
complexity of problems. We can name z-scan FCS or fluorescence cross-
correlation spectroscopy that are described below. Another variant of FCS 
employed in this thesis is fluorescence antibunching. This method allows us to 
determine the number of emitters in a cluster [59]. 
 
Fluorescence cross-correlation spectroscopy (FCCS) 
Fluorescence cross-correlation spectroscopy (FCCS) is a method, which is usually 
used to detect molecular interactions of two diffusing molecules labeled with 
spectrally distinct fluorophores. The emitted light of both fluorescent species 
diffusing through the focal volume is recorded by two independent detectors and 
the intensity fluctuations are cross-correlated. The cross-correlation function is 
described as: 
𝐺𝐴𝐵(𝜏) =   
〈𝐼𝐴(𝑡).  𝐼𝐵 (𝑡 + 𝜏)〉
〈𝐼𝐴(𝑡)〉〈𝐼𝐵(𝑡)〉
 
where IA and IB correspond to the fluorescence intensity of fluorescent molecules 
detected in a channel A (IA) or a channel B (IB). When the labelled molecules 
move independently, the cross-correlation amplitude GAB equals zero. On the 
other hand, GAB higher than zero points out to a particular or complete interaction 
and co-diffusion of both fluorophores. Therefore, this technique allows us to 
clearly distinguish between bound and unbound/free molecules. 
 
Z-scan fluorescence correlation spectroscopy (z-scan FCS) 
Z-scan FCS is a modification of a classical FCS technique that has been 
developed mainly for measurements of fluorescent molecule diffusion in planar 
lipid bilayers [60]. This method relies on acquiring of a set of individual point-
FCS measurements along the z-axis in defined intervals. Each point is correlated 
and the resulting diffusion time (τD) and the particle number (PN) values are 
plotted in dependence on their position in the detection volume and fitted with a 
parabolic dependence. The results directly provide radius of the detection volume 
ω0 and the diffusion coefficient D in the membrane. In contrast to classical FCS, 
z-scan FCS does not require calibration of the detection volume diameter, as its 
radius can be calculated directly from fitting the measured data. Another 
advantage of z-scan FCS is that we can easily determine diffusion coefficient D as 
well as PN corresponding to the position of the lipid bilayer accurately in the focal 
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Figure 10. Principle of z-scan FCS. 
A) Lipid bilayers are scanned along the z-axis of the confocal volume, B) Autocorrelation 
functions are analyzed for each recorded position, C) τD (or possibly PN) is plotted 
against the z-position and fitted with a parabolic curve 
 
Time resolved fluorescence spectroscopy 
Time-resolved fluorescence spectroscopy is based on the time-correlated single 
photon counting (TCSPC) method that provides detailed information about the 
molecular environment, dynamics and interactions of the system. This technique 
relies on the short pulses of excitation light that must be substantially shorter than 
the lifetime of an excited fluorophore. The first emitted photon arrived after the 
excitation pulse is detected by a sensitive photomultiplier and the time between 
the pulse and the arrival of the photon is calculated.  A volume of a particular 
memory channel that corresponds to the time between the excitation pulse and the 
detection of a photon is increased by one. After collection of a sufficient amount 
of photons, an exponential decay curve characteristic for a particular fluorescence 
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Figure 11. Principle of time-resolved fluorescence spectroscopy [61].  
The time between sample excitation by a short laser pulse and the arrival of the emitted 
photon is measured. Distribution of the photons builds up a lifetime decay. 
 
By this method, we are able to monitor molecular interactions in the 
picosecond/nanosecond time scale, which can be used for studying molecular 
dynamics and structure. In addition, this technique can be combined with FCS 
allowing us to discriminate two fluorophores with overlapping emission spectra 
that simultaneously differ in their lifetimes. 
Fluorescence-lifetime imaging microscopy (FLIM) 
Fluorescence-lifetime imaging microscopy is a technique that can measure the 
fluorescence lifetime of fluorescent probes in each individual pixel of an acquired 
image. Apart from detecting the arrival time of photons after the excitation pulse, 
we also obtain additional information about the spatial distribution of a particular 
fluorophore. It is necessary to collect a sufficient amount of photons for each pixel 
to picture the whole lifetime image. This technique is especially useful to monitor 
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are affected by the conditions such as viscosity, polarity, pH or temperature. The 
other advantage is that thanks to measuring fluorescence lifetimes in each pixel, 
we can distinguish between fluorescence signal coming from a fluorophore and a 
background noise or autofluorescence. This approach can be also employed in 
FRET experiments. De-excitation process caused by the presence of an acceptor 
in close proximity of the fluorophore induces shortening of fluorophore lifetime, 
which allows us to monitor interaction of fluorescent molecules. This technique 
called FLIM-FRET is described below. 
 
Förster resonance energy transfer (FRET) 
Förster resonance energy transfer (FRET), a phenomenon firstly described by 
Theodor Förster [62], is based on the distance-dependent nonradiative excitation 
energy transfer from a donor molecule to a suitable acceptor molecule. After 
excitation, donor molecules undergo a transition from the state S1 to the ground 
state S0, whereby an acceptor is excited from S0 to S1. The excited donor molecule 
returns to the S0 state without emission of photon, while the acceptor molecule is 
excited and emits photon when returning to the ground state. For successful 
energy transfer, the donor emission spectrum must overlap with the excitation 
spectrum of the acceptor. Simultaneously, both fluorescent molecules must be 
close enough to each other (typically bellow 10 nm) and have a favorable 
orientation. 
Thanks to the fact that the FRET efficiency depends on the distance between a 
donor and an acceptor, this technique became popular and widely used in biology 
as well as in biophysics for precise measuring the distances between molecules in 
the nanometer range and for the investigation of protein oligomerization or lipid 
clustering. 
There are basically two ways how to measure FRET. The first one is based on 
measuring donor and acceptor fluorescence intensities, each in separate channels, 
while exciting only the donor. If FRET occurs, the fluorescence intensity in the 
donor channel decreases, while the intensity in the acceptor channel increases. 
The FRET efficiency is then calculated as 




where IDA and IA represent the fluorescence intensity of a donor in the presence or 
absence of an acceptor, respectively. This approach has several limitations 
connected with inhomogeneous dye concentrations and photoselection. Thus, 
quantification of energy transfer is problematic. 
The other approach called FLIM-FRET is based on the fact that if energy transfer 
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the acceptor, which results in a shorter donor lifetime. The calculation of FRET 
efficiency is in this case:  




where τDA is a lifetime of a donor in the presence of an acceptor and τD 
corresponds to the donor lifetime in the absence of an acceptor. In contrast to the 
above mentioned approach, FLIM-FRET is not prone to concentration or spectral 
artifacts. Moreover, we can distinguish more populations of donors that are either 
surrounded by acceptor molecules, or are in the regions without acceptors. 
 
Principle of MC-FRET (FRET combined with Monte Carlo simulations) 
The above mentioned approaches consider energy transfer between a single 
donor-acceptor pair. However, FRET can also occur in a complex environment 
with many donors and acceptors, where the donor can transfer the energy to more 
than one acceptor. Lipid bilayer with incorporated lipid analogues as donors and 
acceptors is an example of such system. This situation can be mathematically 
described by Baumann-Fayer model [63]. However, this model presumes 
homogeneous distribution of the fluorescent probes. If the donors and acceptors 
are distributed non-homogeneously (for instance, when nanodomains are present 
in the lipid bilayer), the calculation of the impact of FRET on the donor decay by 
Baumann-Fayer model becomes difficult. Due to the fact that an appropriate 
equation describing this situation does not exist, the data have to be analyzed by 
Monte Carlo simulations. Combination of FLIM-FRET with Monte Carlo 
simulations, developed in our laboratory, can detect membrane heterogeneities of 
various kinds, for example, nanodomains or even membrane pores [64]. This 
method allows us not only to reveal their presence in membranes, but also (in the 
case of nanodomains) to determine their size in the range between 2 - 50 nm and 
the area they occupy on the membrane surface. A key factor in this approach is a 
pair of fluorescent dyes that exhibits either high affinity for nanodomains, or 
avoids partitioning into these structures. Thus, if nanodomains are formed, both 
donors and acceptors accumulate within these structures, or outside them. As a 
result, donors and acceptors get closer to each other, in contrast to homogeneous 
fluorophore distribution, which results in higher FRET efficiency that can be seen 
as a shorter time-resolved fluorescence lifetime. The obtained time-resolved 
fluorescence decays are fitted with simulated decays for various radii and 
fractional areas occupied by the nanodomains. As a result, we obtain the 
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Figure 12. Principles of nanodomains detection by FLIM-FRET. 
A) Homogeneous distribution of donors and acceptors. B) Donors and acceptors are 
separated due to their different affinity for the domains. In this case, the FRET efficiency 
decreases resulting in a longer donor lifetime (black curve in the picture D). C) Donors 
are acceptors accumulate within the nanodomains, which leads to a shorter donor lifetime 
(blue curve in the picture D). D) The experimentally obtained donor decays are fitted with 
simulated decays for various radii and the area fraction of the nanodomains. 
 
Time-dependent fluorescence shift (TDFS) 
Time-dependent fluorescence shift (TDFS) is a fluorescence method based on 
monitoring the solvent dipole reorientation around the excited fluorescent dye. 
This technique allows us to characterize hydration and mobility of the lipid 
bilayer in the vicinity of an excited probe.  
The difference between excitation and emission spectra are attributed to losing 
energy of photons that undergo non-radiative transitions to the lowest vibration 
level of the S1 state. In addition, solvent molecules around a fluorophore 
contribute to the additional loss of energy. Excitation of a fluorescent probe leads 
to redistribution of its electrons resulting in change of the dipole moment. Dipole 
moments of surrounding solvent molecules are forced to adapt to the new 
situation and compensate the dipole moment of an excited probe. Immediately 




 Fluorescence techniques 
moments of the excited probe and the system is in so-called Franck-Condon state. 
Therefore, the molecules of a solvent gradually rearrange to reach the equilibrium, 
while the whole system lowers the energy. This process is called solvent 
relaxation [65] (Fig. 13). It results in additional red shift to the standard Stokes 
shift. The degree of this effect depends on the polarity of a solvent, viscosity of 
the environment and the properties of a fluorescent dye. Briefly, the higher the 
solvent polarity, the greater the red shift. Similarly, the more viscous 
environment, the slower reorientation of the dipoles. If the dipole reorganization is 
slower than the fluorescence lifetime, the solvent remains only partially 
reoriented. 
The overall spectral shift caused by the relaxation process can be determined by 
time-resolved emission spectra (TRES) method. A set of fluorescence intensity 
decays is recorded by TCSPC method at different wavelengths in the range 
corresponding to the steady-state emission spectrum of a fluorophore. The 
measured decays are put together and normalized to the steady-state emission. 
Typical dyes used for TDFS are Laurdan, Prodan or Patman. Although they 
contain the same fluorophore, they differ in the length of hydrophobic chains. 
Hence, their location in the bilayer is different, which allows measuring polarity 
and viscosity changes in different depths of the bilayer. 
 
Figure 13. Simplified schematics of solvent relaxation. 
Immediately after excitation, the dipole moment of a dye is reoriented, but the orientation 
of the solvent dipole remains unchanged. Reorientation of solvent molecules leads to 
lowering of the system energy resulting in the red shift. The encircled black arrows 
represent the dipole moments of a dye (red circles) and a solvent (blue circles). S0 – 
ground state, S1FC – Franck-Condon excited state, S1Rel – excited state with relaxed 











 Research Aims 
Research Aims 
The aim of this study is to contribute to a better understanding of processes related 
to biological membranes. We were investigating membrane organization at the 
nanoscale, examining in which way a small natural molecule interacts with the 
membrane, or we were trying to enlighten the mechanism of membrane fusion 
driven by small peptides. For simplicity, this work is divided into three main 
parts: 
Part 1: Membrane activity of the secondary metabolite didehydro-
roflamycoin 
The general objective of this aim was to characterize a novel secondary 
metabolite 32,33-didehydroroflamycoin in terms of its membrane action 
as well as to contribute to current knowledge of polyene macrolides 
mechanism of action in general. Employing simple model membranes 
(GUVs and LUVs) we were investigating the mode of action of DDHR 
under various conditions. 
Part 2: Investigation of the nature and size of membrane nanodomains in 
model lipid membranes 
The existence and nature of heterogeneities in cell membranes is still an 
open question. The aim of this part was to uncover the existence of lipid 
nanodomains in binary (DOPC/SM) and ternary (DOPC/Chol/SM) model 
membranes close to phase separation boundary. Moreover, we also aimed 
to reveal the properties of GM1 driven nanodomains and to examine 
binding activity of its ligand cholera toxin B subunit. 
Part 3: Study of the roles of SNARE-mimicking lipopeptides during initial 
steps of membrane fusion 
Two complementary lipopeptides CPnK4 and CPnE4 serve as a minimal 
model for membrane fusion. Employing the system for in vivo 
applications, such as drug delivery or membrane engineering, requires  
in-depth understanding of molecular mechanism behind the fusion event. 
The aim of this part was to uncover the roles of lipopeptides during early 
steps of membrane fusion, (lipo)peptide-membrane and lipopeptide-
lipopeptide interactions. Consequently, we aimed on direct observation 
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This thesis comprises of three publications published in impacted journals, one 
manuscript under minor revisions at the time of submission of this thesis and one 
manuscript ready to submit. According to their main research topics, the 
publications are divided into three main parts: Membrane activity of the secondary 
metabolite didehydroroflamycoin, Investigation of the nature and size of 
membrane nanodomains in model lipid membranes and Study of the roles of 
SNARE-mimicking lipopeptides during initial steps of membrane fusion. Each 
publication is introduced by a brief introductory part that provides an insight into 
a background of a distinct topic. The following “Results and discussion” section is 
dedicated to discussion of our results with literature. Although each publication 
itself includes a discussion part, the additional discussion intends to put our 
findings in a broader context and, if possible, to discuss our results with more 











Part 1:  




Metabolism of living organisms could be divided into primary and secondary 
metabolism. Primary metabolism generates products that are essential for 
organism’s survival, e.g. proteins, nucleic acids, carbohydrates etc. Secondary 
metabolism synthetizes compounds called secondary metabolites that are typically 
unique to a distinct organism providing a tool for defense against competitors and 
helps the organism to survive in a competitive environment. 
Secondary metabolites derived from natural sources are in focus of research for 
several years because of their bioactivity and broad applications, e.g. in 
biomedicine. Compounds considered as bioactive can influence the organismal 
physiology, no matter if the effect is favorable or unfavorable. 
A number of organisms (bacteria, fungi, marine organisms etc.) produce a variety 
of secondary metabolites, but only a small fraction of them are worth further 
investigation. It has been estimated that more than 300 000 secondary metabolites 
exist in nature [66]. An alternative way to produce bioactive compounds is 
combinatorial chemistry. However, this approach is far less effective in terms of 
overall success rate compared to search and investigation of compounds from 
natural sources. Potential explanation is that the natural product biosynthesis, 
including generation of a gene pool involved in particular enzymatic pathways, 
has evolved over billions of years. Under the strict pressure of natural selection, 
the secondary metabolites are more prone to exhibit unique biological activities in 
comparison with synthetic compounds [67]. 
Despite tremendous variety of available bioactive molecules, there is still a need 
to introduce new antibiotics. The emergence of bacterial multi-drug resistance 
increases the urge to search for new metabolites that would broaden the variety of 
effective drugs. Most of the secondary metabolites used in medicine as antibiotics 
or chemotherapeutics are produced by bacteria and are an evolutionary 
consequence of fierce “chemical wars” in the microworld. 
One of the most important sources of bioactive compounds are bacteria 
Actinomycetes, in particular the genus Streptomyces. Streptomyces are aerobic 
Gram-positive filamentous bacteria that are commonly found in soil. They 
produce, besides other secondary metabolites, a range of polyene macrolides. 





more atoms with series of conjugated double bonds. Macrolides are very effective 
antifungal agents [68], which are widely used in medicine, although their 
mechanism of action is still a matter of controversy. Numerous macrolides have 
been shown to interact with cholesterol in lipid bilayers and form pores,  
e.g. Amphotericin B (AmB) [69] [70]. Even though polyene antibiotics share the 
similar structure, mechanism of the interaction with membranes can largely differ 
and cannot be easily predicted; for instance, while Amphotericin B or nystatin 
form ion channel pores [71], a pentaene filipin acts as a general disruptor 
involving formation of membrane protrusions arising from altered phase 
behaviour [72]. However, the association between macrolides and particular 
membrane components is a controversial issue, and there is only rare biophysical 
evidence for direct interactions. The mode of interaction with the membrane could 
be a key for understanding the molecular mechanism of bioactivity.  
It should be noted that polyene macrolides produced by Streptomyces are not only 
very effective antibiotics and antifungal agents (e.g. erythromycin extracted from 
Streptomyces erythreus, nystatin produced by Streptomyces noursei or rapamycin 
by Streptomyces hygroscopicus), but they also serve as helpful experimental tools 
(e.g. filipin extracted from Streptomyces filipinensis). 
Detailed characterization of the secondary metabolites produced by recently 
isolated actinomycete Streptomyces durmitorensis [73] led to the discovery of a 
novel compound 32,33-didehydroroflamycoin (DDHR), a new member of the 
macrolide family. Initial experiments examining biological activity of DDHR 
showed that DDHR induces cell death in various cancer-derived cell lines (HL60, 
4T1, A431, CT26, MDA-MB-231 and HeLa). It was suggested that the mode of 
action of DDHR is linked to the induction of apoptosis as demonstrated by DNA 
fragmentation [74]. Recent studies proven toxic effects of DDHR towards 
Candida albicans by inducing membrane disruption but not towards bacteria 
Escherichia coli or Listeria monocytogenes [75].  However, its mode of action has 
not yet been uncovered.  
 
The aim of this work was to investigate the molecular mechanism of membrane 
associated bioactivity of DDHR employing GUV model membranes. To examine 
the pore formation ability, we performed several leakage assays, in which we 
focused especially on the role of cholesterol. The nature of the formed pores was 
also investigated on black lipid membranes. Furthermore, we tested the ability of 
DDHR to promote phase separation in bilayers. Supplementary experiments were 
performed using Amphotericin B and filipin in order to compare the action of 
DDHR with these structurally related compounds. Due to a rapid photobleaching, 








RESULTS AND DISCUSSION 
In the present work we investigated the membrane interactions of a bioactive 
compound DDHR aiming to reveal its mode of action. According to literature, 
related polyene molecules are membrane active compounds with a disruptive 
impact on the lipid bilayers [76]. In spite of relative similarity of their molecules, 
it was shown that they differ in the way they permeabilize the membranes [69] 
[72]. 
Herein, we performed leakage assays to assess the level of membrane 
disintegration caused by DDHR and to examine the effect of individual lipid 
components on the disruptive activity of DDHR. Based on our results, we 
determined that the formation of membrane protrusions depends on the presence 
of cholesterol that has been already shown to alter the membrane activity of 
macrolides [72] [77]. In the absence of cholesterol, GUVs treated with DDHR 
were leaking much more in the used range of concentrations than cholesterol-
containing vesicles. While determining the size of these membrane ruptures, we 
observed that cholesterol-free vesicles were permeable for molecules of a size 
between 0.8 and 10 kDa. In contrast, only a minor fraction of larger molecules  
(3 - 10 kDa) passed through the membranes of vesicles with cholesterol. Thus, it 
appears that cholesterol enables DDHR to form smaller protrusions than without 
cholesterol. This prediction has a strong support from the results obtained by 
current measurements on black lipid membranes. The conductance of these model 
membranes significantly increased, if DDHR was added to the aqueous phase. On 
the time curse of the current measured on cholesterol-free membranes we could 
distinguish either general ruptures, or single opening and closing pores that were 
similar to those observed for related macrolides [78] [79] [80]. In the case of 
cholesterol-containing vesicles, the increase of the current evolution was 
continuous without any distinguishable ruptures or pores. This implies formation 
of much smaller and very stable pores that are not resolvable even by such a 
sensitive method.  
We calculated that the diameter of the pores in cholesterol-free membranes is 
approximately 1 nm. In comparison to other pore-forming macrolides [79], the 
conductance of DDHR-induced pores was considerably lower indicating that 
although DDHR has a similar chemical structure, it forms much smaller pores.  It 
seems that the presence of cholesterol is not an absolute requirement for the 
formation of pores as also proposed in the literature for structurally related 
molecules [81] [82]. In this respect, it is probable that DDHR induces formation 
of two types of pores with respect to the presence of cholesterol. Similar 
conclusion was made for AmB forming unstable channels in sterol-free 
membranes and more stable ones in the sterol-containing membranes [70]. 
Moreover, cholesterol-containing membranes with incorporated DDHR, unlike 
those without cholesterol, exhibited significantly higher stability, which means 
that this compound, in contrast to filipin [83], do not damage the membrane when 





short time after addition of DDHR to these membranes. All these results suggest 
that even though DDHR is, like some other polyenes, a pore-forming agent, 
corresponding pores are considerably smaller than the pores formed by AmB or 
nystatin [84]. However, in fact, we observed that even the membranes with 
cholesterol are permeable to some extent for Atto488 dye; thus, the pores cannot 
be smaller than 1 nm. Taken into account that elevated concentration of DDHR 
allows also bigger molecules to pass through the membranes, the size of formed 
pores is most likely determined predominantly by DDHR amount and cholesterol 
only stabilizes the pores and keep their size rather small.  
In conclusion, we suggest that DDHR induces rather transient pores or temporal 
ruptures in the membranes without cholesterol that contribute to the overall 
membrane damage. This effect could be partly attributed to formation of 
aggregates disrupting the membranes as shown for numerous amphiphilic drugs 
[85] [86] [87]. The presence of cholesterol promotes formation of small well-
defined pores and reduces disruptive activity of DDHR. We assume that 
cholesterol determines the vertical orientation of the molecule, which could result 
in less-disruptive activity of DDHR in the cholesterol containing membranes. 
Very similar effect of sterols has been observed in the case of other polyenes 
AmB or filipin [72] [77]. AmB has been both computationally and experimentally 
concluded to reorient in the membranes with cholesterol perpendicularly with 
respect to the membrane plane [77] [88]. Similar findings were reported also for 
filipin, whose orientation in membranes is maintained by cholesterol molecules 
[72]. Our data also indicate that a substantial amount of DDHR is required for 
formation of pores, because leakage of vesicles was not observed at the lowest  
10 μM concentration. This would agree with Venegas’ results (2003), assuming a 
threshold concentration of AmB for its pore-forming activity. However, to get 
deeper insight into the nature of DDHR induced pores, further investigation is 
needed. 
 
Moreover, we detected several morphological changes of model membranes 
generated by DDHR, such as elongation or budding of GUVs. Analogous 
destabilizing effects on GUVs were observed for another macrolide antibiotic 
azithromycin. They are supposed to be attributed to the decrease of the interaction 
energy between lipids resulting in lower elastic moduli of the bilayer upon 
exposure to a macrolide molecule [89]. Since we observed these effects mainly in 
cholesterol-free vesicles, they most likely contribute to the leakage of GUVs. 
Similarly to pore-forming activity, morphological changes are concentration 
dependent, because 10 µM concentration of DDHR did not induce any 
morphological changes, unlike its higher concentrations.  
Despite limited leakage and morphological changes of cholesterol-containing 
vesicles, we confirmed that these membranes accommodate significant amount of 
DDHR molecules as revealed by MPE microscopy. Therefore, the milder impacts 
of DDHR on the cholesterol-containing membranes cannot be attributed to the 





Surprisingly, DDHR preferentially inserted into highly ordered membrane areas 
as detected by simultaneous monitoring of distribution of DiD as a marker of Ld 
phase [90] and the intrinsic fluorescence of DDHR. Moreover, its interaction with 
membranes led to phase separation even in the simple DOPC/Chol (7/3) and 
POPC membranes. However, this effect was not noticed for pure DOPC bilayers. 
It seems that the phase-separating activity of DDHR depends predominantly on 
the membrane order and cholesterol obviously plays a role in this phase-
separating action only as a factor that rigidifies the membrane. Likewise, filipin 
was shown to have similar unusual property to prefer partitioning into gel 
crystalline phase [72] as well as to promote formation of ordered and rigid 
domains [91].  
Finally, by FTIR spectroscopy we proved the direct interaction of DDHR with 
cholesterol, which is most likely responsible for formation of small stable pores 
and accommodation of a planar molecule DDHR in the Lo phase. These findings 
are in agreement with previous findings, which indicated interaction of polyene 
macrolides with sterol containing membranes [72] [76] [77]. 
From the data presented in this work we can conclude that the effect of DDHR on 
the membranes is multi-modal. Besides formation of transmembrane pores, it also 
destabilizes molecular lipid order. Both mechanisms are probably important for 
the biological activity of DDHR. Overall, biological activity of DDHR is most 
likely exerted via formation of small pores permeable to ions and small molecules 












Part 2:  
Investigation of the nature and size of 




In recent years, interest in research focused on membrane organization has 
increased for several reasons. There is growing evidence that the existence of 
membrane heterogeneities is essential for many cellular processes such as 
signaling, trafficking or lateral protein sorting, but they can be also accompanied 
with pathophysiological conditions. It has been postulated and experimentally 
proven that the function of several membrane proteins highly depends on their 
lipid environment [92]. Therefore, there is a great interest to uncover the real 
membrane organization structure and its impact on protein functions.  
It was hypothesized that the membrane heterogeneity in cells arises from the 
association of saturated lipid acyl chains, such as those of sphingomyelin, with 
cholesterol resulting in formation of highly ordered domains surrounded by less 
ordered regions. These domains were named as “lipid rafts” [93]. The indications 
that “rafts” may exist in cells were supported by the observation that the cellular 
membranes are not fully solubilizable under certain conditions by mild non-ionic 
detergents [94]. Thus, the study of “lipid rafts” has been pursued by the analysis 
of so-called detergent-resistant membranes. According to the initial proposal, 
these membrane heterogeneities were of a considerable size (from dozens to 
hundreds of nanometers in diameter), rigid and predominantly stabilized by lipid-
lipid interactions resembling floating islands in a fluid sea of lipids. Similar raft-
like domains were found in artificial membranes composed of phospholipid-
sphingomyelin-cholesterol mixtures, which supported the idea that the membrane 
areas with Lo phase in both cellular and artificial membranes are of the same 
nature. However, in fact, such large phase-separated domains have never been 
directly observed in native cells, even super-resolution microscopy techniques 
failed to detect “lipid rafts”. It raises the question whether these domains really 
exist in cells. Besides, several cellular processes require rapid changes of the 
membrane composition, so that it is more efficient for these processes to occur in 
a dynamic system. Therefore, the formation of rigid and “sharp-edged” domains is 





As the methods applied for membrane heterogeneity studies became more diverse 
and sophisticated, the assumed “rafts” have been getting smaller and smaller. 
Finally, various experimental approaches revealed the existence of sub-
diffraction-sized nanodomains [95] [96]. Since the optical resolution of 
conventional microscopy is insufficient to directly visualize these structures, we 
have to rely on rather elaborate techniques, for instance, neutron scattering [96], 
Förster resonance energy transfer [97] or stimulated emission depletion 
microscopy [98]. Despite employing various detection techniques close to in vivo 
conditions, there are still several limitations resulting in generation of artifacts. 
For that reason, the nanoscopic cellular membrane organization remains elusive. It 
is partly caused by the lack of appropriate techniques that would enable us to 
visualize objects in living cells at the nanoscale, as well as by the absence of 
suitable model systems that would preserve the cellular membrane complexity.  
In cell membranes, distinct raft-like structures were noticed by various 
microscopic or spectroscopic techniques, for instance, stimulated emission 
depletion microscopy combined with FCS (FCS-STED) [98] [99] or by 
employing polarity sensitive probes [100]. However, the physiological nature of 
such structures is not fully clear.  
Nevertheless, unlike Lo domains observed in artificial membranes GUVs, 
heterogeneities found in cell-derived GPMVs seemed to be less ordered than Lo 
phase, but more ordered than Ld phase in GUVs [101]. Thus, it suggests that their 
character is more subtle than previously proposed, which gives rise to an idea that 
Lo domains found in artificial membranes and raft-like domains in cells are 
irrelevant to the domains in untouched cells.  
Previously mentioned findings led us to the question whether in model 
membranes can exist similar biologically relevant lipid driven nanoscale domains 
as well as whether they have Lo or rather less ordered character. 
Our aim was to investigate and further characterize the size and nature of 
nanoscale membrane heterogeneities. We used GUVs made of binary 
(DOPC/SM) or ternary (DOPC/Chol/SM) lipid mixtures in ratios below the 
macroscopic phase separation. We were interested especially in the lipid ratios 
highlighted in red in the phase diagram shown in Figure 14, where the formation 
of nanodomains was expected. Limitations caused by insufficient resolution of 
optical microscopes were overcome by employing biophysical non-imaging 
approaches. Using various fluorescent probes, we combined FLIM-FRET with 
Monte Carlo simulations to uncover the existence, size and nature of such 
nanodomains in GUVs. It has been shown that the best way to define the size of 
nanodomains by this approach is to use fluorescent probes that both prefer either 
Lo, or Ld phase [102]. However, the list of Lo residing dyes is limited so far and 
only few probes exhibit the desirable property. We took advantage of a novel 
BODIPY-FL-headgroup-labeled monosialoganglioside GM1 (g-GM1), whose Kd 
value was calculated to be suitable for our measurements. Moreover, the size and 





magic angle spinning NMR (MAS-NMR) spectroscopy. In addition, attractiveness 
of this study is also based on the assumption that nanodomains formed in model 




Figure 14. Ternary phase diagram of DOPC/SM/Chol membranes  
(adapted from [104]). 
The phase diagram shows the regions of two phase coexistence, {Ld and Lo} and {gel and 
Ld}. Red highlighted areas show the regions with expected formation of nanodomains. 
Note that the Ld +Lo encircled area displays the phase coexistence, which is in size 
resolvable by conventional optical microscopy. 
 
 
RESULTS AND DISCUSSION 
According to recent findings, the existence of nanoheterogeneities in cellular 
plasma membrane is more relevant to the reality than previously suggested rigid 
membrane domains called “rafts” [98] [99]. To overcome the limited resolution of 
optical microscopy we employed FCS, FLIM-FRET, MAS-NMR and a novel 
MC-FRET approaches to reveal the size and nature of the nanodomains in model 
membranes GUVs. As previously mentioned, distribution coefficient Kd of 
fluorescent probes is a significant factor for determining the nanodomain size. In 
this work we used fluorescently labelled GM1 (BODIPY-FL-GM1) that has been 
shown to sufficiently partition into sphingolipid-enriched nano-heterogeneities 
[105]. Sensitivity of the FRET technique applied in this work along with 
computational approach enabled us to determine the size of domains and the area 





Original model of lipid “rafts” is based on preferential interactions between 
cholesterol and saturated acyl chains of sphingolipids [93]. Likewise, 
sphingomyelin and cholesterol have been identified as major components of 
DRMs in cells [106]. Contrary to these findings, we demonstrated that 
nanodomains are formed not only in ternary DOPC/Chol/SM  
(70-65/25/5-10 mol%) membranes, but also in the binary DOPC/SM  
(90-85/10-15 mol%) lipid bilayers below the area of Lo/Ld coexistence [104]. We 
have shown that the presence of cholesterol is not crucial for nanodomain 
formation, as they were detected even in binary composition (DOPC/SM) with the 
content of SM between 10 - 15 mol%. However, it should be noted that 
cholesterol promotes formation of membrane heterogeneities, because even  
5 mol% content of SM was sufficient to detect nanoheterogeneities in these 
membranes. 
 
Our approach allowed us to determine the size of nanodomains. Their average 
diameter was calculated to be approximately 9 nm for all compositions with 
detected nanodomains. Neither diverse content of sphingomyelin, nor the presence 
of cholesterol changed the size of these heterogeneities, which is in line with the 
study by Ho et al. [95]. The determined size of nanodomains was roughly in 
agreement with several recent studies estimating the diameter of nanodomains in 
the membranes with similar lipid composition approximately between 2 and  
15 nm varying with respect to used methods or fluorophores [96] [97] [107] [108].  
Nanoheterogeneities in the plasma membrane of living cells were estimated to 
have less than 20 nm in diameter [98] [99]. More accurate determination of the 
domain size is challenging due to the resolution limit of available techniques. 
Nevertheless, the observation of sub-20 nm domains in living cells might point 
out to similarity between nanodomains in both artificial and plasma membranes. 
 
According to the original model, lipid “rafts” are distinct, highly ordered regions 
in a sea of fluid lipids occupying relatively small area of the membrane surface 
[109]. However, our data indicate that membrane heterogeneities cover up to  
55 % of the whole membrane surface area. These findings are supported by recent 
indications that the domain area might, in fact, dominate and cover the majority of 
the plasma membrane [98] [100].  
 
Moreover, we have demonstrated that the observed nanodomains are fluid and 
disordered. Three lines of evidence support this contention. Firstly, the calculated 
number of DOPC molecules by far exceeds the number of SM as well as 
cholesterol molecules within the nanodomains, which makes the nanodomains 
fluid. Secondly, fluorescent probes DOPE-Atto488, DOPE-Atto633 and DiD were 
homogeneously distributed in the nanoheterogeneities-containing membranes, 
although these probes do not prefer liquid-ordered environments in model 
membranes. Finally, NMR spectral shift and MAS-NMR spectra measured in the 





liquid-disordered phase. Moreover, the obtained results for the area occupied by 
nanoheterogeneities were in good agreement with above mentioned results from 
MC-FRET approach. Nevertheless, our findings are in contrast to some of the 
previous studies where the authors believed to observe Lo nanodomains [96] [97] 
[108]. However, in fact, the membrane phase of nanodomains has not been 
experimentally determined in these studies. On the other hand, our findings have a 
strong support from studies carried out on living cells employing STED-FCS. The 
authors detected sub-resolution domains that did not have Lo character [98], as the 
detected domains were accessible for fluorescent probes that strictly avoid Lo 
phase in model lipid membranes. These results might point out to close nature of 
nanodomains we observed in model membranes GUVs with those in living cells. 
Although we performed the experiments in lipid-only system lacking cytoskeleton 
or other factors that can possibly influence the membrane character; hence it 
might not be fully analogous with heterogeneities in the plasma membrane 
However, the laws of lipid clustering are general and we believe that our findings 






The ganglioside GM1 (a ceramide derived lipid with sialic-acid in a headgroup 
oligosaccharide chain) is an essential lipid present in all animal cells, although it 
is predominantly localized in neuronal membranes. 
Owing mainly saturated hydrocarbon tails, this lipid is known to segregate 
laterally resulting in formation of GM1-rich domains enriched also with 
sphingomyelin and cholesterol [110]. Preferable clustering with sphingomyelin is 
caused by the interactions of ceramide hydrophobic part of GM1 with the 
hydrophobic acyl chains of sphingolipids. Clustering is also controlled by glycan-
glycan binding forces between headgroup regions of GM1 allowing them to 
cluster even in the absence of sphingomyelin [111].  
Although this lipid is known from 1930s, its role in regulation of biological 
processes is not yet well understood. It has been shown that GM1 is indispensable 
for neuronal development and differentiation [112]. Apart from that, accumulation 
of gangliosides is believed to be related to the development of Alzheimer’s or 
Parkinson’s diseases [113] [114]. 
Lipid GM1 is also considered as the main receptor for pentameric cholera toxin B 
subunit (CTxB) produced by Vibrio cholera that causes massive secretory 
diarrhea often leading to death. Cholera toxin is composed of two parts, a subunit 
A and a pentameric subunit B (CTxB). While the subunit B recognizes and 





into the host cell to cause disease. Pentameric subunit CTxB is able to specifically 
interact with five cell surface GM1 molecules, nevertheless, it has been proven 
that binding only one GM1 molecule is sufficient for toxin activation [115]. It was 
examined on model supported lipid bilayers that if the density of GM1 is too high, 
CTxB is not able to bind so effectively as some of the GM1 molecules remain 
unavailable [116]. Furthermore, membrane environment, such as cholesterol 
content or membrane fluidity, influences the GM1 recognition [117] [118]. In 
spite of several studies on CTxB-GM1 binding, the exact mechanism of CTxB 
binding remains unclear. Thorough understanding of the cholera toxin binding 
mechanism to the eukaryotic cells is of great importance, as it may help to 
develop strategies for designing the inhibitory drugs. 
 
The aim of this work was to contribute to current knowledge of binding 
mechanism and interaction parameters of CTxB by investigation of GM1 
clustering. Moreover, we focused on the availability of GM1 for CTxB in the 
presence or absence of cholesterol. We employed GUV model system as a 
suitable system and we utilized FRET combined with Monte Carlo simulations 
and z-scan FCS method. In addition, we employed so called antibunching 
technique to count the exact number of membrane bound toxins in relation to the 
number of available GM1 lipids.  
 
 
RESULTS AND DISCUSSION 
Knowledge about GM1 organization is valuable not only it serves as a receptor for 
a human enterotoxin cholera toxin, but also for its participation in cellular 
signaling and adhesion. 
GM1 molecules have been reported to self-organize into domains [111], but the 
details about their character are not clear. Analogously to our previously described 
work, we used a novel fluorescent head-labeled g-GM1 as a donor in FRET 
studies to investigate clustering of GM1. We demonstrated that the GM1 
aggregation occurs in DOPC/GM1 bilayers with the GM1 content between 1 % 
and 8 %. MC-FRET approach revealed the size of these domains to be 5 - 7 nm in 
diameter covering 35 - 45 % of the whole bilayer area with no change with 
increasing content of GM1 molecules. Likewise, the presence of cholesterol did 
not change neither the size of the domains, nor the area occupied by them. The 
observation that even 1 mol% of GM1 causes 40 % covering of the bilayer with 
GM1-driven domains is surprising, nevertheless, studies employing AFM also 
reported that the area occupying by GM1 domains by far exceeds the amount of 
GM1 [119]. Therefore, it suggests that the involvement of other lipid molecules in 
the GM1 domains must be high. This finding can explain our observation that the 
capacity of these domains seems to be sufficient to accommodate more GM1 
molecules with no change in the surface area covered by domains as well as in 





Furthermore, we focused on the recognition of GM1 molecules by CtxB. For this 
study, we employed not only FCS or FLIM-FRET methods, but we also designed 
fluorescence antibunching experiments to unravel binding activity of CTxB. Our 
results showed that 4 mol% content of GM1 in the bilayer lowered the binding 
ability of CTxB in contrast to membranes containing only 1 mol%. Thus, we 
conclude that the binding sites of CTxB probably do not fit high dense GM1 
clusters. Our observations are consistent with previous findings demonstrating 
that the increased content of GM1 weakens CTxB-GM1 interactions [116].  
Cholesterol has been shown to co-localize with GM1 in membrane domains [120]. 
However, we found out that the presence of cholesterol also lowered the 
availability of GM1 for CTxB. This result is in agreement with the already 
published simulation data indicating GM1 headgroup tilting in the presence of 
cholesterol, which resulted in decreased recognition by CTxB [121]. Besides that, 
cholesterol is known to play a role in condensing the membrane in general. As a 
result, the GM1 headgroups can be packed closer, which can result in reduced 
CTxB binding ability. Thus, the topology and orientation of the GM1 
oligosaccharide moiety and the GM1 clustering can represent an important 
regulatory mechanism for CTxB activity. 
Moreover, we revealed that GM1 containing membranes undergo lateral 
reorganization in response to CtxB binding. Employing FRET experiments 
between fluorescently labeled CTxB (Alexa488-CTxB) and DiD, we found out 
that binding of CTxB expels DiD from the vicinity of labeled CTxB, which 
resulted in lower FRET efficiency. Subsequently, the diffusion of both g-GM1 
and DiD decreased. These findings might point out to either the formation of rigid 
nanosized domains [122], or induction of local membrane curvatures [123]. 
Ultimately, this study contributes to understanding of the principles underlying 












Part 3:  
Study of the roles of SNARE-mimicking 




Cellular membrane fusion is a vital event naturally occurring in all living 
organisms that has been in focus of research for many years. It is essential for 
many processes such as import of nutrients, protein transport between intracellular 
compartments or controlled release of neurotransmitters, but it also assists 
pathogen entry into host cells. In eukaryotic cells, a non-viral fusion mechanism is 
mediated by SNARE (soluble N-ethylmaleimide-sensitive factor attachment 
protein receptor) complex of proteins located on opposing membranes that 
cooperatively form a stable 4-helical coiled-coil structure [124], which brings the 
opposing membranes into close proximity. Despite the huge diversity of fusion 
processes, the fusion cascade consists of three conserved steps: Initially, two 
membranes are brought into close proximity accompanied by a disruption of lipid 
continuity at the site of contact. This is followed by fusion of the proximal 
membrane leaflets involving lipid mixing. Finally, the fusion pore is formed 
facilitating content mixing of fused vesicles [125] [126] [127]. This process was 
found to be very efficient, controllable and highly specific due to a perfect 
interplay of involved proteins [126]. Despite a vast effort, the exact mechanism 
how SNARE protein complex promotes fusion remains unknown. Its bulky size, 
complexity, and membrane binding make it handling without danger of artifacts 
very difficult. Extensive study of original SNARE fusion system [128] [129] 
served as an inspiration for designing simpler model systems that would have key 
features of cellular fusion processes. Such systems are based on lipid vesicles 
decorated with potentially fusogenic molecules, such as DNA-lipid conjugates 
[130], peptide amphiphiles [131] [132] or small molecules [133] [134] that can act 
as recognition sites. The system based on complementary peptide amphiphiles, 
recently developed by the Kros’ group [131], was found to be, in comparison to 
other approaches, highly specific, effective and leakage free [135]. This simplified 
system designed to mimic naturally occurring SNARE-driven fusogenic process is 
based on the molecular recognition between coiled-coil forming peptides [136]. 
The fusogens consist of two complementary amphiphilic coiled-coil forming 





cholesterol lipid anchor linked via flexible polyethylene glycol (PEG) (Fig. 15). 
The latter molecule serves as a linker between the cholesterol anchor and the 
peptide K4, or E4. The cholesterol anchor, in contrast to alternative lipid anchors, 
has been shown to be the most efficient modification that yields highly fusogenic 
liposomes [137]. Coiled-coil structures are created by peptide moieties forming 
several α-helices that wind around each other and finally form stable heterodimer 
resembling molecular Velcro [138]. If the cationic peptide K4 is employed, the 
construct is called CPnK4, where n denotes the number of ethylene glycol units, 
and CPnE4 represents the construct containing the anionic peptide E4.  
 
 
Figure 15. Chemical structures of lipidated amphiphilic peptides CPnE4 and CPnK4  
The lipopeptides consist of a cholesterol tail linked through a polyethylene glycol spacer 
to the coiled-coil forming peptides E4, or K4. The amino acid sequence of E4 is 





The fusion process is forced by CPnE4/CPnK4 interactions leading to the formation 
of a coiled-coil motif between peptides K4 and E4. This brings both membranes 
into close proximity, which is followed by their fusion [131] (Fig. 16). In contrast 
to the conventional strategy of mixing the fusogens with lipids in organic solvents 
prior to liposome formation, the above mentioned lipopeptides can be efficiently 
incorporated into artificial as well as into cellular membranes in a facile manner 
by their addition directly to the solution containing cells or liposomes. Thanks to 
this fact, such approach opens up new possibilities for in vivo applications [139], 
for example direct drug delivery into the cytosol of living cells [140] or membrane 
engineering [135]. 
 
Figure 16. Simple docking model of lipopeptide-driven membrane fusion [137]. 
Lipopeptides are inserted into the lipid vesicles and subsequently form coiled-coil bounds 
between their complementary partners, which leads to fusion of the lipid vesicles. 
 
However, recent studies have revealed that a simple docking model is not 
sufficient for description of lipopeptide-induced fusion. It seems that several 
factors such as lipopeptide concentration or peptide-membrane interactions 
influence the fusion efficiency [141]. Thus, the exact mechanism of lipopeptide-
mediated membrane fusion remains unclear. It has been hypothesized that high 
local concentration of lipopeptides might lead to formation of homo-coils (K/K or 
E/E, respectively), which could be responsible for reduced fusion efficiency [141] 
[142]. However, peptide homocoiling was also suggested as a fusion enhancing 
factor [137]. Another aspect that should be taken into account is the interaction of 
lipopetides/peptides with the lipid membrane that might result from their 
amphipatic nature [143]. This uncertainty about the real mechanism underlying 
the fusion event, actual state of lipopeptides incorporated into the membranes and 





investigation. Design of an efficient fusion system that can be successfully 
employed in vivo requires a detailed understanding of the molecular processes 
behind lipopeptides mechanism of action. 
In the present work, we combined a variety of advanced fluorescent methods 
including single molecule approaches to study the interactions between peptides 
K4 and E4, or CPnK4 and CPnE4, respectively, and their influence on 
physicochemical properties of the lipid bilayer. All experiments were done by 
using model membranes made of DOPC/DOPE/Chol (50/25/25 mol%) lipid 
mixture, which is a commonly used lipid composition for fusion experiments 
[144]. Membrane affinity of peptides to the lipid bilayer was studied by 
measuring of fluorescence intensity as well as by z-scan FCS. Physicochemical 
membrane properties were investigated by employing solvent relaxation 
technique, z-scan FCS or FRET between fluorescently labeled lipid analogues, 
which allowed us to probe the changes in membrane diffusion or hydration and 
mobility of the bilayer in the presence of lipopeptides/peptides. Accessibility of 
lipoepeptides/peptides for binding to a complementary partner was proven by 
FCCS and FRET. Based on the studies demonstrating that the PEG linker length 
influences the fusion efficiency [145], we used two sets of lipopeptides that differ 
in the length of the linker with either 4 or 12 units of ethylenglycol and we 
compared their impacts on membrane properties. 
 
RESULTS AND DISCUSSION 
Fusion of biological membranes driven by lipopeptides CPnK4 and CPnE4 is 
believed to be based on formation of coiled-coil structures between the peptides 
K4 and E4 mediating a close contact of the opposing membranes, for which the set 
of these molecules has been designed. However, our data show that the role of 
lipopeptides is more complex. We demonstrated that the peptide K4, unlike the 
peptide E4, interacts strongly with the bilayer composed of DOPC/DOPE/Chol 
(50/25/25 mol%), which was noticed in the previous research as well [143] [146]. 
Such effect could stem from the interactions of hydrophobic amino acid residues 
of leucine, isoleucine and perhaps lysine with the bilayer [146] [147] or from a 
charge distribution around the hydrophobic part [148] resulting in so called 








Figure 17. Helical wheel projections of amino acid residues of the peptides E  
and K [146]. 
Left) Leucine and isoleucine residues might cause so-called “snorkeling” effect on the 
membrane surface. Right) Coiled-coil binding is mediated by hydrophobic leucine and 
isoleucine residues. Arrows indicate the direction of the hydrophobic moment, dashed 
blue lines show supporting electrostatic interactions 
 
Interestingly, our data show that the lipid composition of the membrane plays a 
fundamental role in the action of the peptides/lipopeptides, as the binding of the 
peptide K4 occurs predominantly in DOPE-containing membranes. While the 
peptide K4 strongly interacts with the membranes composed of 
DOPC/DOPE/Chol (50/25/25 mol%), we detected only a minor peptide K4 
binding on the DOPC/Chol (75/25 mol%), pure POPC or pure DPPC bilayers 
(Fig. 18). Similarly, the effect of DOPE on the peptide K sticking has also been 
revealed by molecular simulations [149]. However, performing experiments on 
DOPC/DOPE/Chol membranes is desirable. Thanks to induction of negative 
curvature by DOPE, this composition is highly efficient and commonly used for 






Figure 18. Binding of the peptide K4 to membranes composed of various lipid 
mixtures. 
Fluorescence intensity (averaged number of photons per area) of the peptide K4-Atto655 
bound to the surface of GUVs composed of various lipid compositions 
DOPC/DOPE/Chol (50/25/25 mol%), DOPC/Chol (75/25 mol%), pure POPC and pure 
DPPC provides information about the concentration of the peptides attached on the 
membrane surface. (The data are not included in the manuscript.) 
 
Originally, lipopeptides CPnK4 and CPnE4 have been designed to interact with 
each other via coiled-coil structure to mediate membrane fusion. Based on our 
examination of fluorescence intensity, we truly demonstrated that peptides E4 and 
K4 strongly interact with the membranes decorated with their complementary 
lipopeptide partners. Surprisingly, FCCS experiments revealed that the majority 
of the peptide K4 does not interact with the lipopeptide CP4E4 tethered in the 
membrane, as the cross-correlation amplitude reached only 30 % of the maxima. 
Vice versa, binding of the peptide E4 to CP4K4 was similarly inefficient. This 
apparent disagreement in our results might be a proof that the lipopeptide CPnE4 
functions only as a “handle” for the peptide K4 that subsequently interacts with the 
opposing membrane facilitating membrane docking [145]. In contrast to previous 
works, we did not observe any lipopeptide homo-coiling, which was suggested as 
a factor decreasing fusion efficiency [141] [142] [151]. 
The interaction of the peptide K4 with the bilayer is expected to affect the 





the presence of 2 mol% CPnK4 in the membrane leads to decreased hydration and 
increased microviscosity in the headgroup region. Membrane dehydration is 
mostly accompanied with lipid packing, which expels the water molecules from 
the bilayer [152]. This effect can be attributed to dense covering of the bilayer 
surface by peptide segments of the lipopeptide CPnK4. Interestingly, even 4 mol% 
content of the peptide K4 affects neither membrane mobility, nor membrane 
hydration in contrast to the case when K4 was present as a part of CPnK4 molecule 
(the data are not included in the manuscript). This observation could be attributed 
to the weaker binding of the peptide K4 to the membrane in comparison to the 
peptide moiety of membrane tethered CP4K4. Similar finding was reported for 
DOPE-anchored lipopeptide LP12K3 and the peptide K3 [146]. The binding 
strength of the peptide K4 seems not to be sufficient enough to influence the 
membrane hydration or mobility. In contrast, membrane-tethered CP4K4 exhibits 
stronger interaction with the lipid bilayer and as a result, the membrane properties 
are influenced by its presence. This finding is, however, in contrast to previous 
study, where the authors reported disruptive effect of the non-tethered peptide K3. 
They showed that the peptide K3 induces membrane curvature and reorganizes the 
structure of the membrane by accumulation of PE molecules in its vicinity [146]. 
Nevertheless, this effect might not be strong enough to affect membrane hydration 
and mobility, therefore, we did not detect any changes by our approach. 
On the other hand, our TDFS data showed that the peptide E4 as well as the 
lipopeptide CPnE4 did not induce any significant effect on the membrane 
properties, which perfectly agrees with previous findings indicating that the 
peptide moiety E is exposed to water [143] [146]. 
In summary, we suggest that the initial steps of the fusion process might be 
promoted by cooperative behaviour of both lipopeptides. While the lipopeptide 
CPnE4 acts rather as a “handle” for CPnK4 and facilitates formation of coiled-coil 
structure, which brings the membranes into close contact, peptide K4 destabilizes 
the lipid bilayer, which consequently results in full membrane fusion. Thus, we 
assume that for an efficient fusion there should be equilibrium between K4/E4 
coiled-coil structures and K4/membrane interactions. 
Our results are in agreement with previously published works suggesting rather 
asymmetrical role of the peptides during the fusion process [145] [153]. 
Therefore, the fusion process mediated by lipopeptides CPnK4 and CPnE4 cannot 







As already mentioned, lipopeptides CPnK4 and CPnE4 tethered in membranes can 
mediate membrane fusion. To date, all the vesicle fusion experiments have been 
performed employing large unilamellar vesicles (LUVs) for their high degree of 
membrane curvature, which was believed to promote the fusion. However, these 
vesicles have usually around 100 nm in diameter and it is not possible to visualize 
them directly using conventional optical microscopy because of their size. By 
mixing LUVs with much larger GUVs, fusion process driven by coiled-coil 
forming lipopeptides could be imaged. In addition, this approach is technically 
close to desired fusion system aiming on delivery of drugs or other compounds 
encapsulated in vesicles directly to cells. Herein, time-lapse fluorescence 
microscopy was employed to visualize LUVs/GUVs fusion promoted by 
lipopeptides CPnK4 and CPnE4. Lipid mixing as well as content mixing assays 
were conducted in order to monitor specific recognition of the coiled-coil forming 
lipopeptides and full membrane fusion. 
 
RESULTS AND DISCUSSION 
Designing a leakage-free fusion system remains a challenge. As it has already 
been reported, employing fusogenic lipopeptides CPnE4 and CPnK4 could be a 
successful approach [135]. To date, content mixing assays demonstrating 
complete fusion process have been performed solely on LUVs that cannot be 
directly observed by optical microscopy [145] [150] [154]. Most notably, this is 
the first study to visualize fusion process in the GUVs/LUVs system. We 
successfully imaged the fusion of vesicles employing a set of fusogenic 
lipopeptides. In spite of originally proposed symmetry in the CPnK4/CPnE4 coiled-
coil driven fusion, time-lapse lipid-mixing experiments showed earlier docking of 
CP4K4 decorated LUVs to CP4E4 decorated GUVs than in the case with 
interchanged lipopeptides. This effect might be caused by combination of highly 
curved LUV membranes that promote the fusion [155] with stronger interactions 
between CP4K4-LUVs and CP4E4-GUVs. Removing of CP4E4 lipopeptides from 
GUVs and performing the fusion experiments with only CP4K4-decorated LUVs 
and plain GUVs showed a distinct degree of fusion. This finding is in line with the 
data included in our manuscript in revision (see Publication IV) and previously 
published results emphasizing that the interaction of the peptide K with the lipid 
bilayer is a crucial step for fusion process regardless the presence of the 
lipopeptide CPnE [145]. 
Content mixing assays confirmed the results obtained by previously mentioned 
time-lapse lipid-mixing experiments. However, a considerable amount of GUVs 
did not exhibit content mixing at all, although a full set of fusogenic molecules 





observed mainly in small-sized GUVs, which would point out to the necessity of 
high membrane curvature for coiled-coil driven membrane fusion [156]. In 
addition, we noted aggregates of LUVs on the surface of unfused GUVs, which 
probably prevented LUVs from fusion. Disintegration of the LUVs clusters, 
probably caused by aggregation of CPnK4 molecules [151], was performed by 
incubation with Tween 20 that should weaken peptide-peptide bonds, reduce the 
aggregates and consequently promote content mixing of liposomes [157]. 
However, introducing a detergent into the experimental setup might not only 
reduce lipopeptide aggregates, but it can also soften the membrane, which can 
subsequently promote fusion [158]. To get deeper insight into Tween 20-
promoted reduction of aggregates and to examine its impact on the membrane 
properties, we employed single-molecule fluorescence approach z-scan FCS. The 
measured diffusion coefficient of DiD confirmed strong interaction of CPnK4 with 
the membrane in contrast to CPnE4 [143] [146]. Increased lateral diffusion of a 
membrane probe DiD measured in Tween 20-containing membranes in the 
absence of lipopeptides indicated softening of the membrane. If we consider that 
diffusion of CPnK4 and DiD increased with the same trend, it points out to rather 
higher mobility of the lipopeptides in a softer and more mobile bilayer than 
removing of their aggregates. Thus, it is disputable to what extent was the fusion 












The aim of this thesis has been to study nanoscale membrane heterogeneities and 
membrane interacting molecules by employing single-molecule fluorescence 
approach. All the topics dealt with the interaction of molecules with the lipid 
bilayer pointed towards investigation of their influence on the membrane 
properties. 
Conclusions related to the aims: 
Part 1: The activity of a polyene DDHR was investigated on model lipid 
membranes. Our results demonstrated the pore-forming activity of 
DDHR and its preferential partitioning into liquid-ordered phase. The 
character of the pores is related to the presence or absence of cholesterol. 
In addition, the insertion of DDHR into the membranes led to phase 
separation of the membranes. Moreover, direct interaction between 
DDHR and cholesterol was proven. 
Part 2: We revealed that the membranes containing only two common 
membrane lipids self-organize into nanoscopic islands called 
nanodomains. We observed the formation of fluid sub-resolution 
nanodomains in the membranes composed of binary DOPC/SM or 
ternary DOPC/Chol/SM lipid mixtures below the phase separation 
boundary. We determined that nanodomains occupy up to 55 % of the 
membrane surface area while their radius is approximately 9 nm. 
Our presented data further revealed that GM1 molecules cluster into fluid 
sub-resolution nanodomains covering significant area of the lipid bilayer. 
Moreover, the level of aggregation as well as the presence of cholesterol 
affects binding of its ligand CTxB. 
Part 3: A set of fusogenic lipopeptides CPnK4 and CPnE4 serves as a minimal 
model for membrane fusion. We demonstrated that the roles of coiled-
coil forming lipopeptides CPnK4 and CPnE4 in the initial steps of 
membrane fusion are asymmetrical and differ from their initially 
proposed mechanism. While the lipopeptide CPnE4 functions rather as a 
“handle” for CPnK4, the lipopeptide CPnK4 interacts with the membrane 
and promotes fusion by destabilization of the lipid bilayer. By monitoring 
of lipid and content mixing of GUVs and LUVs driven by coiled-coil 









 List of Symbols and Abbreviations 
List of Symbols and Abbreviations 
A   Alanine 
AFM   Atomic force microscopy 
AmB   Amphotericin B 
B7PC   (Me)4bodipy-tail-labeled lipid 
BODIPY-FL 4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-Diaza-s-Indacene-
3-Propionic Acid 
CPnE4 Lipidated peptide E4 composed of cholesterol, polyethylene 
glycol of variable length and a peptide with amino acid 
sequence [(EIAALEK)4] 
CPnK4 Lipidated peptide K4 composed of cholesterol, polyethylene 
glycol of variable length and a peptide with amino acid 
sequence [(KIAALKE)4] 
CTxB   Cholera toxin B subunit  
Chol   Cholesterol 
D   Diffusion coefficient 
DDHR   32,33-didehydroroflamycoin 
DiD 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine 
Perchlorate  
DRM Detergent resistant membranes 
DOPC   1,2-dioleoyl-sn-glycero-3-phosphocholine 
DOPE   1,2-dioleoyl-sn-glycero-3-phosphoethanolamine  
DPPC   1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
E   Glutamic acid 
FCS   Fluorescence correlation spectroscopy 
FCS-STED  Stimulated emission depletion microscopy combined with 
   fluorescence correlation spectroscopy 
FCCS   Fluorescence cross-correlation spectroscopy 
FLIM   Fluorescence lifetime imaging microscopy 
FRET   Förster resonance energy transfer 
FTIR   Fourier transform infrared 
G   Glycine 
g-GM1  BODIPY-FL-headgroup‐labeled GM1 
G(τ)   Autocorrelation function 
GFP   Green fluorescent protein 
GM1   Monosialotetrahexosylganglioside lipid 
GPI   Glycosyl phosphatidylinositol 
GPMVs  Giant plasma membrane vesicles 
GUVs   Giant unilamellar vesicles 
I   Isoleucine 




 List of Symbols and Abbreviations 
Kd   Partition/distribution coefficient 
L   Leucine 
Laurdan  6-lauroyl-2-dimethylaminonaphthalene 
LBPA   Lysobisphosphatidic acid 
Ld   Liquid disordered phase 
Lo   Liquid ordered phase 
LUVs   Large unilamellar vesicles 
MAS-NMR  Magic angle spinning – nuclear magnetic resonance 
MC-FRET Förster resonance energy transfer combined with Monte 
Carlo simulations 
MPE Multiphoton excitation microscopy 
NADH Reduced form of Nicotinamide adenine dinucleotide 
NBD-cholesterol 22-(N-(7-Nitrobenz-2-Oxa-1,3-Diazol-4-yl)Amino)-23,24-
Bisnor-5-Cholen-3β-Ol 
NMR Nuclear magnetic resonance 
PEG   Polyethylene glycol 
PN   Particle number 
POPC   1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
r-GM1   564/570‐bodipy‐headgroup‐labeled GM1 
SM   Sphingomyelin 
SNARE Soluble N-ethylmaleimide-sensitive factor attachment 
protein receptor 
SPBs   Supported phospholipid bilayers 
SUVs   Small unilamellar vesicles 
t   Time 
τ   Lag time 
τD   Diffusion time 
TCSPC  Time correlated single photon counting 
TDFS   Time dependent fluorescent shift 
TRES   Time resolved emission spectra 
YFP   Yellow fluorescent protein 
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Membrane activity of the pentaene 










































































Lipid Driven Nanodomains in Giant Lipid 
Vesicles are Fluid and Disordered 
 
 


















































































































































On multivalent receptor activity of GM1 
in cholesterol containing membranes 
 
 








































































































Distinct Roles of SNARE-mimicking 































































































































































Controlled liposomal membrane fusion 
triggered by fusogenic coiled-coil peptides 
assessed by simultaneous dual-color time-
lapsed fluorescence microscopy 
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